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Zusammenfassung
Magnetfelder sind im Universum allgegenwärtig und in einer Vielzahl
von astronomischen Systemen zu finden. Diese reichen von kompak-
ten Objekten wie Planeten, Sternen und sogar schwarzen Löchern
bis zu ausgedehnten Strukturen wie Molekülwolken und Galaxien,
und sogar im intergalaktischen Medium, wie der weite Raum zwi-
schen den Galaxien genannt wird, finden sich Hinweise auf Felder
gewisser Grösse. Es ist schon lange bekannt, dass die in der Erde
und der Sonne vorkommenden Feldstärken so hoch sind, dass sie
auf mannigfaltige Weise Einfluss auf die Dynamik ihrer Umgebung
haben. Was Galaxien betrifft, so bedurfte es erst Polarisationsmes-
sungen mittels moderner Radioteleskope mit hoher Sensitivität und
Breitband-Technik sowie neuer Methoden zur Datenanalyse, um ein
genaueres Bild der Verhältnisse zu bekommen.
Die hohe Komplexität der Magnetohydrodynamik-Gleichungen,
welche die zeitliche Entwicklung eines magnetisierten Plasmas be-
schreiben, erlaubt eine analytische Lösung nur in stark vereinfachten
Bedingungen, sodass man für verlässtiche Aussagen diesbezüglich
auf rechnergestützte Simulationen zurückgreifen muss. Numerische
Modelle zu Entstehung sowie Entwicklung von Galaxien sind jedoch
schon ohne Betrachtung von Magnetfeldern äusserst rechenaufwen-
dig und erfordern leistungsstarke Rechencluster, um einen möglichst
weiten dynamischen Raum von sub-parsec bis vielen Millionen von
parsec abzudecken. Durch beständige Leistungssteigerung der ver-
fügbaren Computertechnologie - insbesondere auch auf dem Gebiet
der Parallelisierung - wird es indes zunehmend durchführbarer, die
zusätzlichen Anforderungen der Magnetohydrodynamik in Kauf zu
nehmen.
Die Entstehung der ersten Magnetfelder im Universum wird mit
sogenannten Keimfeldern erklärt, welche auf verschiedene Arten ent-
stehen können, jedoch allgemein sehr schwach sind. Astronomische
Beobachtungen zeigen indessen, dass die gemessenen Magnetfelder
viel stärker sind und ein Prozess der Selbstverstärkung stattgefunden
haben muss. Theorien zu magnetischen Dynamos beschreiben, wie
gewisse Plasma-Bewegungen dazu in der Lage sind, Feldlinien auf
eine Art zu krümmen, dass sich die Magnetfelder selbst potenzie-
ren und eine Umwandlung von kinetischer in magnetische Energie
ihren Lauf nimmt. Sogenannte schnelle Dynamos wie der Turbulenz-
Dynamo, dessen Wirkungsweise durch die Kazantsev-Theorie be-
schrieben wird, können auf kosmischem Masstab sehr kurze Verdopp-
lungszeiten aufweisen und Keimfelder innerhalb kürzester Zeit fast
auf Äquipartitionsniveau bringen.
Die vorliegende Arbeit untersucht mit Hilfe von kombinierten Gra-
vitations- und Magnetohydrodynamik-Simulationen, wie in model-
lierten Galaxien durch Feedback-Prozesse erzeugte Turbulenz einen
Kazantsev-Dynamo antreiben kann. Diese Feedback-Prozesse können
verschiedener Natur sein und umfassen hier Supernova-Explosionen
und Strahlung von Sternen, es sind jedoch auch darüber hinaus an-
dere Mechanismen wie z. B. Jets von Schwarzen Löchern denkbar.
Supernovae sind besonders wirkungsvoll in Zwerggalaxien, da deren
geringeres Gravitationspotential leichter überwunden werden kann.
Der so entstehende Turbulenz-Dynamo kann schwache Keimfelder
in sehr kurzer Zeit verstärken, bis schliesslich die Saturationsphase
eintritt. In dieser Phase wird jedoch keine Äquipartition erreicht und
die Magnetfelder haben nur eine schwache regelmässige Komponen-
te, was sich erst durch Plasmakompression in weniger turbulenten
Phasen oder durch andere Dynamo-Prozesse ändert. In voll kosmo-
logischen Simulationen wird dieses Szenario bestätigt und gezeigt,
dass die Magnetfelder rapide und schon bei hoher Rotverschiebung
wachsen.
Diese Dissertation zeigt ein Szenario auf, in dem anfangs schwa-
che Magnetfelder in Zwerggalaxien in kürzester Zeit durch den
von Supernova-Feedback angetriebenen Turbulenz-Dynamo verstärkt
wurden. Nachdem sich die ersten Strukturen im frühen Universum
ausgebildet hatten, begannen sich durch ihre eigene Gravitation kom-
pakte Objekte zu bilden, welche ultimativ zu Sternen wurden und
Kernfusion ermöglichten. Die hierdurch freigesetzten enormen Ener-
giemengen erzeugten starke Turbulenzen in Zwerggalaxien, wodurch
wiederum die Keimfelder schnell fast auf Äquipartitionsstärke an-
wuchsen, und später durch andere Prozesse dann weiter verstärkt
und umgeformt wurden. Die in heutigen benachbarten Galaxien wie
auch der Milchstrasse beobachteten Magnetfelder sind das Resultat
dieser Evolution, nachdem sie durch Verschmelzungen von Zwergga-
laxien und darauf folgener Restrukturierung starke regelmässige wie
auch turbulente Magnetfeld-Komponenten ausgebildet haben.

Abstract
Magnetic fields are ubiquitous in the Universe and can be found
in a variety of astronomical systems. These range from compact
objects like planets, stars and even black holes to extended structures
like molecular clouds and galaxies. Even the vast spaces between
galaxies, called intergalactic medium, hold evidence of weak fields.
It is long known that inside the Earth and the Sun the measured
field strengths are so intense that they influence the dynamics of the
surrounding environment in a variety of ways. In regard to galaxies,
it was not until the advent of polarisation measurements with modern
high-sensitivity radio telescopes with broadband-technology and new
methods of data analysis, that it was possible to reconstruct a more
exact description.
The high complexity of magnetohydrodynamics equations which
govern the time evolution of magnetised plasmas permit analytic
solutions only under extremely simplified assumptions. Therefore
one must rely on computer-based simulations to obtain reliable con-
clusions. Even when neglecting magnetic fields, numerical models for
the formation and the evolution of galaxies are extremely demanding
from a computational point of view and require high-performance
computer clusters, since these simulations should idealistically span
over a wide dynamic spatial range, from sub-parsec up to millions of
parsecs. Through continuous increase in performance of the available
computational technology, particularly in terms of parallelisation, it
has become more and more viable to take into account the additional
demands imposed by magnetohydrodynamics.
The origin of the first magnetic fields in the Universe is normally ex-
plained in terms of the so-called seed fields, which could arise in differ-
ent ways, but are generally very weak. However, astronomical obser-
vations reveal that the magnetic fields we measure are much stronger
than those first seed fields, so that a process of self-amplification must
have occurred at some point. Theories of magnetic dynamos describe
how certain plasma motions are capable of bending the field lines in a
way, such that magnetic field strengths increase via a transformation
from kinetic to magnetic energy. So-called fast dynamos such as the
turbulent dynamo, whose operation is described by the theory of
Kazantsev, can exhibit very short doubling times on cosmic scales
and bring the seed fields almost to equipartition level in an extremely
short time.
By using combined gravitational and magnetohydrodynamical sim-
ulations, this work investigates how feedback-generated turbulence
can establish a Kazantsev dynamo mechanism in modelled galaxies.
These feedback processes can vary in nature and in our case include
supernova explosions and stellar radiation, but further different viable
mechanisms might be conceivable, such as black hole jets. Supernovae
are especially effective in dwarf galaxies because of their shallow
gravitational potential, which can be overcome more easily. The
turbulent dynamo established this way can strengthen the weak seed
fields in a very short time until ultimately the saturation phase sets in.
In this phase, however, equipartition is not reached and the magnetic
fields show only a weak regular component, which can later become
stronger through plasma compression in less turbulent phases or
other types of dynamo processes. This scenario is confirmed in fully
cosmological simulations and shows that magnetic fields grow rapidly
and already at high redshift.
This dissertation illustrates a scenario in which the initially weak
magnetic fields were quickly amplified inside dwarf galaxies through
a turbulent dynamo fuelled by supernova feedback. After the first
structures in the early Universe have formed, compact objects began
to develop due to self-gravity, eventually becoming stars and allow-
ing nuclear fusion. The high amount of energy liberated in this way
induced strong turbulence in dwarf galaxies, whereby the seed fields
quickly grow almost to equipartition and then are afterwards amp-
lified further or reshaped by other processes. The magnetic fields
observed in nearby galaxies as well as in the Milky Way today are the
result of this evolution, after they developed strong regular as well
as turbulent magnetic field components through galaxy mergers and
subsequent restructuring.
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Preface
‘Where shall I begin, please your Majesty?’ he asked.
‘Begin at the beginning,’ the King said gravely,
‘and go on till you come to the end: then stop.’
Alice’s Adventures in Wonderland (Lewis Carroll)
This dissertation can be regarded in a sense as the final result of my
research during my time as a doctoral student at the University of
Zurich. It seems to me, however, that life is an everlasting lesson and
the Universe an everlasting enterprise where no process is isolated
in itself. In that respect, I think that the initial statement is not an
entirely adequate description and that in fact many teachers, artists,
researchers, friends, strangers and family and the experience of 30
years have culminated in this work which was influenced by and
hopefully will influence the works of others in some way or another.
That being said, I am happy to thank my supervisor Prof. Dr.
Romain Teyssier sincerely for his guidance, patience, and faith in me,
without which all this would have certainly been unattainable.
Zürich, July 2017

Für meine Eltern
Barbara und Horst

11 Magnetic fields in the Universe
This chapter contains a general introduction to the main topic of this
work. We will cover what is known about magnetism, what astro-
nomers observe about magnetic fields, how we can describe a theory
for their evolution in the Universe, where they may have originated,
how they became amplified thereafter, and how we can attempt to
study their evolution. This will set the stage for the following chapters
where we will investigate based on this framework, how magnetic
fields in galaxies might have evolved to their present-day form.
1.1 Magnetism
1.1.1 The mysterious force
Les miracles véritables, qu’ils font peu de bruit!
Lettre à un otage (Antoine de Saint-Exupéry)
The natural phenomenon of magnetism was already known to man-
kind since the Iron Age. Indeed, there is evidence of objects made
from iron of meteoritic origin found in Sumerian and Egyptian tombs
dating back to the Bronze or even Chalcolithic Ages, as well as the
Throne Room in the palace of Knossos in Crete (15th century BC)
which is paved with flagstone made of iron oxide (Du Trémolet de
Lacheisserie et al., 2005), but there is no conclusive evidence that
people were aware of its magnetic properties at that time. It is im-
possible to tell whether they were or if it is due to the fact that written
records from that time are sparsely preserved.
As a matter of fact, it is only by the testimony of Aristotle (De Anima,
350 BC) that we can attribute knowledge of lodestone (‘the stone has
soul because it moves iron’) to Thales of Miletus who lived around
600 BC. These naturally magnetized pieces of the mineral magnetite,
the iron oxide Fe3O4, had surely drawn the attention of many ancient
philosophers, as documented by several references in classical Greek
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Figure 1.1: The Sun as seen on March 7, 2015 by NASA’s Solar Dynamics
Observatory as a composite image at 171 and 131 Angstroms. Visible loops
in the corona illustrate closed magnetic field lines between sunspots. Image:
NASA / SDO.
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and Latin literature. Lucretius (De rerum natura, 1st century BC),
for example, mentions ‘this stone capable of guiding iron that the
Greeks call Magnet, since it originates in the land of the Magnetes’.
This associates the origin of the contemporary word magnet with the
geographical region around present-day Magnesia in Thessaly, or
alternatively colonies of the Magnetes in Western Anatolia. The latter
is supported by Sophocles (Alexandros, 5th century BC) calling it the
‘Lydian stone’ and Plato (Timaeus, 360 BC) mentioning the ‘attraction
of amber and the Heraclean stones’, which is interpreted by scholars as
a reference to the region Asia Minor (Caley and Richards, 1956). Pliny
The Elder (Naturalis Historia, 77 AD) mentions important quarries for
‘magnetic stone’ existing in both regions, but describes the ones from
Asia (the Roman province in Western Anatolia) and Troas as ‘female’,
meaning without magnetic attraction. This is probably a reference
to minerals of the elements Magnesium and Manganese, since many
stones of various colours and magnetic properties shared the name
‘magnetic stone’ and their distinction as being made from different
elements was not clear at the time. Interestingly, Pliny’s explanation
for their name is not geographic and uses the mythical figure of a
shepherd called Magnes instead, who is said to have stumbled upon
it on Mount Ida when he felt the magnetic force on the nails in his
shoes. This account has the typical appearance of a legend, however,
and the previous explanation seems more plausible.
Ancient people were deeply impressed by the invisible force em-
anating from lodestone and tried their best to explain this behaviour,
and it seems that this natural phenomenon was an important test for
their philosophies. Thales thought that it must contain some kind
of ‘soul’ since it was able to move other objects as if it was a living
being. Centuries later, it was believed that it was rather a law of nature
that magnets had an invisible outflaw that caused a certain ‘vacuum’
around them which made iron and other magnets fill the void. Lucre-
tius gives a detailed description of this mechanism and reports that
‘men marvel at this stone’ when he writes that a lodestone could hold
several separate iron rings suspended from each other. It is worth
noting that Plato already connects the distinct phenomena caused by
lodestone and amber (which was called elektron in Greek), since they
had similar capabilities of attracting objects. Thus, he had an early
indication for a link between the electric and the magnetic forces, a
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principle which would take 2 millenia to find a theoretical explana-
tion for. Despite those sophisticated theories, however, the magnet
remained mainly a curiosity for Greeks and Romans as they were not
able to refine their understanding of magnetic poles or discover the
Earth’s own magnetic field.
1.1.2 The guidance system
Follow the white rabbit...
Knock knock Neo.
The Matrix (Larry and Andy Wachowski)
It were instead Chinese scholars who, at the same time, discovered
that an elongated lodestone, sculpted in the shape of a spoon, adjus-
ted its orientation roughly along the north-south axis (Lowrie, 2007).
Its first use was probably rather spiritual in that it helped building
houses in accordance with the principle of feng shui, and it turned
into a navigational instrument only later. By the beginning of the
second millenium, Chinese craftsmen knew that melting iron and sub-
sequently cooling it with its long axis lying along the earth’s magnetic
field would magnetise it to form compass needles (Du Trémolet de
Lacheisserie et al., 2005). In medieval Europe, Petrus Peregrinus de
Maricourt wrote a letter in 1269 describing his knowledge of magnets,
where he draws a link between the celestial poles and the magnetic
poles of a lodestone that he polished into a spherical shape, thus at-
tributing to it the ‘likeness of heavens’. From there, William Gilbert
(De Magnete, 1600) took on to put his knowledge on a scientific basis
by rigorously testing hypotheses in experiments rather than relying
on mystic interpretations.
This finally set the stage for modern science to take over and in
1743, Daniel Bernoulli invented the horseshoe magnet in Switzerland
(Coey, 2010). The last missing puzzle piece was the understanding
of electric currents. In 1820, Hans Christian Oersted discovered the
existence of magnetic fields around the current inside a wire and
spawned research by many scientists such as André-Marie Ampère,
Michael Faraday, Pierre-Simon de Laplace and many others. James
Clerk Maxwell then finally found the common analytical description
with his theory of the electromagnetic field which he presented to the
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Royal Society in London in 1864. His pioneering work combining
the previously known laws governing the topology and evolution of
electric and magnetic fields into one set of equations and introducing
the displacement current into them laid the foundation for rigorous
theoretical analysis and his discovery of electromagnetic waves in
Maxwell (1865). His formulation was slightly cumbersome and used
potentials, thus it was only after Oliver Heaviside put them in their
vector calculus form (Hunt, 1991)
∇ ·E = 4piρ c∇×E = −∂tB
∇ ·B = 0 c∇×B = ∂tE+ 4piJ (1.1)
which simplified their appearance and remains the basis for our
understanding of electromagnetic fields to this day. The equations
are given in cgs units which are still customary in astronomy and
astrophysics, but also have the nice side effect that the electric field
E and the magnetic field B have the same units. The displacement
current term ∂tE leads to the presence of electromagnetic waves,
but will be of minor importance in the context of cosmic time scales
(Brandenburg and Subramanian, 2005).
1.2 Astronomical observations
1.2.1 Compact objects
Der Weise als Astronom. - Solange du noch die Sterne fühlst
als ein »Über-dir«, fehlt dir noch der Blick des Erkennenden.
Jenseits von Gut und Böse (Friedrich Wilhelm Nietzsche)
Magnetic fields are widely observed in the Universe in virtually all
astrophysical objects on a variety of scales. Naturally, planet Earth
was the first object where a field was discovered, but space probes
sent to explore the solar system found magnetic fields around nearly
all planets. Most of them have centred dipole moments with their axes
loosely aligned to their rotation axis. An exception to this are Uranus
and Neptune with strongly inclined and highly off-centred dipole
moments and Mars which does not have any global magnetic field but
only small-scale components, which are probably local remnants of a
once strong field similar to Earth’s (Rüdiger and Hollerbach, 2004).
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Figure 1.2: Sunspots and hydrogen flocculi with left- and right-handed vor-
tices as seen by Hale on September 9, 1908 (left). Reproduction of photo-
graphic plate 27 from Hale (1908b). Modern image in the visible spectrum
taken on December 13, 2006 by Hinode’s Solar Optical Telescope (SOT)
(right). Dark sunspots with surrounding filamentary structure with altern-
ating sense of rotation are clearly visible. Image: Hinode JAXA/NASA.
The Sun itself hosts a magnetic dipole as well, but its differential
rotation tends to wind up the field lines into toroidal fields, which
gives it a more complex structure. In 1908, George Ellery Hale pointed
out that the way the plasma on the Sun’s surface was shaped around
sunspots looked like iron filings in a magnetic field (Hale, 1908a) and,
in the very same volume of the Astrophysical Journal, showed that
sunspots are actually magnetic phenomena with opposing polarity by
the presence of Zeeman splitting (Hale, 1908b). A comparison of the
photographic plates used in his work with a modern high-resolution
image is shown in Figure 1.2.
Similar magnetic activity has also been found in observations of
other stars with external convection envelopes (Berdyugina, 2005).
The magnetic field strengths inferred from the pulsation times of
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Figure 1.3: Orientation of magnetic field lines based on polarisation meas-
urements and total intensity of dust emission in the Milky Way. Image: ESA
/ Planck Collaboration.
neutron stars suggest very strong magnetic fields between 108 G in
millisecond pulsars and 1015 G in soft gamma-ray repeaters (Reiseneg-
ger, 2007). In first promising results from Event Horizon Telescope
data, Johnson et al. (2015) confirmed the signature of ordered mag-
netic fields around the black hole Sagittarius A* in the centre of the
Milky Way galaxy, which foreshadows interesting insights into the
dynamics of central galactic environments.
1.2.2 Galaxies and the interstellar medium
Adieu, dit le renard. Voici mon secret.
Il est très simple: On ne voit bien qu’avec le cœur.
L’essentiel est invisible pour les yeux.
Le Petit Prince (Antoine de Saint-Exupéry)
Apart from these localised objects, the vast gas-filled spaces
between them called the interstellar medium are threaded by magnetic
fields as well, as has been confirmed by various measurement tech-
niques. In the Solar neighbourhood, space probe Voyager 1 found a
steady magnetic field in the local ISM of 3µG (Burlaga, 2015). Faraday
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rotation measures from distant pulsars indicate a mean value for the
local regular field of about 2µG in the solar neighbourhood and 4µG
at a galacto-centric radius of 3 kpc (Han et al., 2006). At the same
time, there is evidence of strong turbulent fields as well, with mean
strengths of 4 − 6µG and on spatial scales between 10 and 100 pc
(Ohno and Shibata, 1993), also based on pulsar-based rotation meas-
ure analysis. Observations of nearby galaxies yield similar results. In
a review of magnetic fields in spiral galaxies, Beck (2016) aggregates
data from the literature which finds total field strengths ranging from
9µG in spirals, 17µG in bright, 20 − 30µG in highly star-forming,
up to 100µG in star-burst galaxies. These values are based on the
equipartition assumption between magnetic and cosmic ray energy
densities which may be subject to bias (Beck et al., 2003), but are in
reasonable range compared to the Milky Way measurements above.
The strength of ordered magnetic fields is slightly smaller, between
10 − 15µG for high star formation rates and 5µG in bright galaxies
where the ratio of total to ordered fields seems to be about 3 (Fletcher,
2010). The average pressure of total magnetic fields is found to be
comparable to the turbulent kinetic energy density, as is the case in IC
342 (Beck, 2015). In a sample of 17 spiral galaxies, Heesen et al. (2014)
found that Btot scales with the star-formation rate surface density
ΣSFR as
Btot ∝ ΣSFR0.3. (1.2)
As far as the present-day Local Group environment is concerned,
magnetic fields in dwarf galaxies are generally weaker than in spirals
with a total field strength of 4.2µG on average (in a sample of 12)
and up to 10µG in the star-burst dwarf IC 10 (Chyz˙y et al., 2011).
As in the case of spiral galaxies, also here a correlation of the total
magnetic field with star-formation rate surface density is found with
the same power-law exponent of 0.3. Moreover, similar field strengths
are even found in high-redshift galaxies, ie. when the Universe was
much younger. Analysing rotation measure data from distant quasars,
Bernet et al. (2008) found the imprint of strong magnetic fields in
intervening normal galaxies at redshift z = 1.3, a cosmological era
about one third the age of the present Universe. This suggests that
any amplification processes working on weaker seed fields must have
been very rapid.
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1.3 Magnetohydrodynamics
Simplify, simplify.
Walden (Henry David Thoreau)
In order to model the evolution of the Universe, whether on large
scale or smaller scales such as galaxies, we need to follow the evol-
ution of the partly ionised gas that permeates it. In our Galaxy, hy-
drogen amounts to 90 % and helium to 9 % of all atoms (Ferrière,
2001), the tiny rest being heavier elements. As we have seen in Sec-
tion 1.2, magnetic fields can be dynamically important in the context
of galaxy formation, thus should not be neglected. The equations
of ideal magnetohydrodynamics, or in short "ideal MHD", used to
approximate the plasma make a number of assumptions that simplify
them. It is therefore beneficial to consider their derivation to highlight
the simplifications rather than just stating the final result.
The analytical expression to describe a magnetised gas or fluid flow
of a certain species of charged particles can be derived by integrating
the Boltzmann equation over velocity space, assuming for the sake
of our purpose that the long-range forces are given by gravity and
the Lorentz force. As will become clear in Section 1.5, the viscosity
force can be neglected since the numerical method of solving the
non-viscous Euler equations exhibits an inherent viscosity. The three
equations
∂tρ+∇ · (ρU) = 0 (mass)
∂t (ρU) +∇ ·
(
ρUUT +P
)
= (momentum)
ρc
(
E+ c−1U×B)− ρ∇φ
∂t (ρe) +∇ · [(ρe+ p)U] = ρcE ·U (energy)
(1.3)
incorporate the laws of transport for mass, momentum and energy,
where ρ and ρc are the mass and charge densities, U is the flow
velocity field, P and p are the isotropic pressure tensor and scalar,
E and B are the electric and magnetic fields, φ is the gravitational
potential, and e = 12U
2 + + φ is the sum of specific kinetic, internal,
and gravitational potential energies. The equations above are in fact
conservation equations.
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We will consider a quasi-neutral plasma of positively-charged ions
and negative electrons, i.e. we assume that
ni ≈ ne (1.4)
where ni and ne are the number densities of the ions and the electrons
respectively. This plasma will have a net charge-current density field
J = en(vi−ve) where vi and ve are the drift velocities of the two spe-
cies. The momentum and energy for these combined species become
∂t (ρU) +∇ ·
(
ρUUT +P
)
= c−1J×B− ρ∇φ (momentum)
∂t (ρe) +∇ · [(ρe+ p)U] = E · J (energy)
(1.5)
as the electric forces on the opposite charges cancel.
The above system of equations is under-determined so we need
more assumptions to solve them. We can assume an equation of state
for a reversible adiabatic (isentropic) process, the absence of magnetic
monopoles, and the electric and magnetic fields can be related to the
currents by a Maxwell’s equation and a simple version of Ohm’s law
(γ − 1) = p (e.o.s.)
∇ ·B = 0 (no monopoles)
∂tE = c∇×B− 4piJ (Ampère’s law)
ηJ = E+ c−1U×B (Ohm’s law)
(1.6)
which we combine with the two simplifying assumptions that η = 0,
i.e. that the electrical conductivity is infinite, and ∂tE = 0, which
means that in astrophysical applications, the electric field variation is
small compared to the curl of the magnetic field (Vietri, 2008), which
helps to eliminate J and E from the system. In fact we can see from
Ohm’s law that in the ideal MHD limit of infinite conductivity and
for non-relativistic fluid speeds, the electric field is much weaker than
the magnetic field and can be neglected in comparison to it. The last
equation may be deemed empirical but in Section 1.6.2, it will turn out
from a generalised law derived from the momentum equation. It is
worth noting that the restriction of η = 0 - as well as µ = 0 for dynamic
viscosity - in the context of numerical simulations is counter-acted by
inherent numerical viscosity and dissipation.
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The last ingredient is then to specify the governing laws for the
magnetic field and the gravitational potential. Combining Faraday’s
law with Ohm’s law and Ampère’s law, we get:
∂tB = −c∇×E = ∇× (U×B) + ηc∆B (1.7)
which called the induction equation that governs the time evolution
of B. The gravitational potential is simply determined by the Poisson
equation
∆φ = 4piGρ (1.8)
which can be solved for φ for a given matter distribution ρ. The
above equations, 2 vector equations and 3 scalar equations in total are
sufficient to solve for the unknowns ρ, u, p, B and φ, but analytical
solutions are possible only in very simple cases. In general, it requires
the raw processing power of modern supercomputers to study the
behaviour of a plasma governed even by the simplified ideal MHD
equations.
1.4 The Reynolds number
We have so far assumed that the dynamic viscosity of our plasma is
zero µ = 0, meaning we have neglected any forces related to shearing
stress when adjacent fluid layers flow in the same direction along
the layer but at unequal velocities. Otherwise, Equation 1.3 should
account for a momentum dissipation term and a transfer of energy.
When the viscosity is non-zero, there is a shearing interaction between
the layers, dragging them along in the same direction, in which case
the flow is called laminar. An example of this can be seen in Figure 1.4,
where the flame of a candle produces a plume whose lower half moves
uniformly in a straight upright stream of hot air. However, as the gas
rises, we find that the plume changes its shape completely and turns
into countlessly many small sub-structures in curled, almost chaotic
movement. This regime is called the turbulent flow and it is caused
by a decrease of viscosity which according to Sutherland’s formula is
µ = a
T 3/2
T + b
(1.9)
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Figure 1.4: The plume from a candle will rise in a laminar flow at first, but
become turbulent as the Reynolds number increases. Photo: Gary Settles
(CC BY-SA 3.0).
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so that, as the plume cools down, it becomes less viscous. To de-
termine whether a certain viscosity level makes a flow laminar or
turbulent, one has to relate it to the inertial forces. For this reason we
determine the dimensionless Reynolds number
Re =
ρUL
µ
(1.10)
which is the ratio of inertial forces to viscous forces and therefore
a measure of their relative importance for the flow. The laminar-
turbulent transition happens at a critical Reynolds number which
depends on the particular geometry of the problem.
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1.4.1 Turbulence
Ich sage euch: man muss noch Chaos in sich haben,
um einen tanzenden Stern gebären zu können.
Also sprach Zarathustra (Friedrich Wilhelm Nietzsche)
A defining feature of turbulent flows are the swirling eddies that
have different sizes and velocities. Larger eddies break up into suc-
cessively smaller ones, transferring kinetic energy to shorter and
shorter scales until they reach the scale at which viscosity dissipates
them.
The problem of subsonic turbulence was analysed theoretically by
Kolmogorov (1941) who proposed that for high enough Reynolds
numbers, the characteristics are universal and isotropic since the
length scale of the defining geometry is much larger than the eddy
scales. Turbulence is then stirred on comparatively large forcing scales
and sets an energy cascade through the intermediate inertial range
down to the dissipating Kolmogorov length scale
lν =
(
ν3

)1/4
(1.11)
where ν = µ/ρ is the kinematic viscosity and  is the energy dissipa-
tion rate. By dimensional analysis, Kolmogorov found that the kinetic
energy spectrum E(k) of any turbulent flow from the scale where
turbulence is injected down to the dissipation scale must follow the
relation
E(, k) = CK 
2/3 k−5/3 (1.12)
with k = 2pi/l being the wavenumber for the length scale l, which
has been well confirmed by laboratory and numerical experiments
(Mathieu and Scott, 2000).
For a shock-dominated flow with high mach numbersM = U/cs,
where cs is the sound speed, the above relations no longer hold. This
regime is called Burgers turbulence (Burgers, 1950, 2013) and can be
modeled by a series of discrete shocks treated as infinitesimally thin
discontinuities in the velocity field (Girimaji and Zhou, 1995). Under
these assumptions, the kinetic energy spectrum becomes
E(k) = CB k
−2 (1.13)
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which is slightly steeper than in the Kolmogorov case.
1.5 Numerical simulations
”Forty-two,” said Deep Thought, with infinite majesty and calm.
The Hitchhiker’s Guide to the Galaxy (Douglas Adams)
With the exception of the induction equation for the magnetic field
evolution and the Poisson equation for the gravitational potential, the
rest of the ideal MHD equations (Equation 1.5) can be reshaped into
the conservative form
∂tU+∇ · F = S (1.14)
where U is not the velocity but a generic vector of states, F is the cor-
responding flux tensor, and S are the source terms. We may compute
a numerical solution1 by solving the equations on a cartesian grid
of cubic volumes or cells of size V . If we approximate the states of
U linearly between each cell, this method will become second-order
accurate. In a one-dimensional problem, the discretisation would look
like
dUi
dt
+
1
∆x
[
F
(
Ui+1/2
)− F (Ui−1/2)] = 0 (1.15)
where Ui are the states at the center of the i-th cell, Ui+1/2 the states
at the boundary between the i-th and the i+ 1-th cell, and ∆x is the
cell length. Therefore, to solve this equation we have to compute the
fluxes at the cell interfaces, which means solving a conservation law of
piecewise constant values separated by discontinuities, also known as
the Riemann problem. The solution to the above equation is not total-
variation-diminishing (TVD) and will produce spurious oscillations,
so we have to replace the states Ui+1/2 at the interfaces by slope-
limited versions. This will essentially smooth out discontinuities such
as shocks but ultimately helps in reducing oscillations.
1The concepts outlined in this section can only cover a brief outline of the techniques
needed to successfully perform these numerical simulations. They have been
implemented in the simulation code RAMSES (Teyssier, 2002) which was used to
perform all the numerical studies presented in the following chapters.
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In order to solve the induction equation in combination with the
divergence-free constraint of the magnetic field, it is beneficial to
treat the magnetic field separately on a staggered mesh, ie. each
component on its perpendicular cell interface. Then the magnetic
field components inside the cells can also be linearly reconstructed
from their cell boundary values. The induction equation
∂tB+∇× E = 0 (1.16)
can then be solved with the constrained transport method (Evans
and Hawley, 1988), which works in a similar fashion as before, but
averages each magnetic field component over the face, making it a
two-dimensional Riemann problem instead of a three-dimensional
one. By using Stokes’ theorem, this amounts to computing the the
electromotive force E along the four edges around each face, and
guarantees that the initial value of ∇ · B is preserved. If we set up
our initial conditions such that the magnetic field components are
computed from a vector potential as
B = ∇×A (1.17)
then we can ensure∇ ·B = 0 up to machine precision throughout the
whole simulation.
To find the gravitational potential φ, the Poisson equation has to
be solved separately, for example, at each half-time step. This can
be done by the Gauss-Seidel relaxation method, which starts off by
guessing a solution and then damps the residual
r = ∆φ− 4piGρ (1.18)
iteratively. Since this involves only a forward computation of the
Laplace operator which is highly local, it can be implemented to
run fast on massively parallel computer clusters, unlike Fast Fourier
Transform methods, for example. The resulting force field f = −∇φ
must then be added to the momentum equation.
Finally, in the context of astrophysical studies we usually consider
systems over very large scales where it is virtually impossible to cover
all physical effects from the smallest up to the system scale. Therefore,
it can be useful to employ sub-grid models to account for the effects
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happening on scales smaller than the mesh size. In this way, we can
follow the evolution of a large system such as a galaxy and still have a
realistic representation of efficient cooling, star formation, supernova
explosions and more. Stars and dark matter are modeled as a fluid of
collisionless particles.
Any stable numerical scheme solving conservation equations needs
artificial damping to suppress unphysical oscillations. For example, as
mentioned before, in order to make the scheme above TVD, one needs
to use slope limiters and flux limiters that smooth out the states and
fluxes, which can make the solution locally less accurate. Effectively,
this is is like adding artificial diffusion terms µN∆U and ηN∆B to
the momentum and induction equations, where µN is the numerical
viscosity and ηN is the numerical magnetic diffusion. In a simple
first-order numerical scheme, they would scale linearly with the grid
size and the velocities involved (Dullemond, 2008)
µN =
ρ∆xu
2
(1.19)
but in the case of higher-order numerical schemes, there is no straight-
forward way of estimating them, since there is a strong dependence
on the flow geometry. Considering the numerical viscosity term, one
can also define a numerical Reynolds number
ReN =
ρuL
µN
(1.20)
associated with the problem which is a measure of how well a numer-
ical scheme can resolve turbulent motions. Ideally, it should always
be larger than the physical Reynolds number to make realistic predic-
tions. In the simple first-order case the numerical Reynolds number
would just become ReN = 2L/∆x, which illustrates that an increase
of the numerical Reynolds number can be achieved by decreasing the
grid size. In general, this shows that a good resolution is crucial for
simulations of turbulent flows.
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1.6 Seed fields
1.6.1 Primordial magnetic fields
de nihilo quoniam fieri nihil posse videmus.
De Rerum Natura II (Titus Lucretius Carus)
It is possible that the first magnetic fields in the Universe were
formed at the earliest stages of its evolution. During the inflation
period after the Big Bang, they could have been created if the con-
formal invariance of the electromagnetic field was broken (Turner
and Widrow, 1988). This might have been the case if the electromag-
netic field was coupled to the inflaton field or to curvature, or if the
gauge invariance itself was broken (Durrer and Neronov, 2013). Other
occasions for field generation arise during phase transitions such as
the electroweak phase transition when the electromagnetic force de-
coupled from the weak force (Vachaspati, 1991), or primordial density
perturbations in second-order perturbation theory (Ichiki et al., 2007).
Traces of the primordial magnetic fields (PMF) created by any of these
processes might still persist in the large-scale structure voids of the
intergalactic medium. Their presence with a certain strength at the
time of recombination will have also left an imprint in the cosmic
microwave background (CMB). Recent measurements from Planck
Collaboration et al. (2016a) constrain the upper limit of PMF in the
CMB to 10−9 G (comoving) while Vovk et al. (2012) set lower limits
on intergalactic fields between 10−18 G and 10−15 G.
1.6.2 Subsequent generation
Apart from primordial magnetic fields generated during the initial
era of the Universe, other creation mechanisms working at any stage
of its evolution are also viable. Ampère’s circuital law tells us that
any presence of net charge currents will induce a magnetic field loops
around them. Such currents can arise in an ionised plasma when
the positively-charged and ions and the negatively-charged electrons
have a relative drift, which is facilitated by the fact that the proton-
electron mass ratio is mp/me ≈ 1836 (Mohr et al., 2016).
This mass disparity causes electrons to be accelerated much faster
than the ions even when the acting forces are equal. By multiplying by
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their mass-ratio, subtracting the momentum equations of both species
from one another, we can derive a generalised version of Ohm’s law
(Gurnett and Bhattacharjee, 2017) as
E+ c−1U×B− ηJ =
1
enJ×B− 1en∇pe + mene2
[
∂tJ+∇ ·
(
JUT +UJT
)] (1.21)
with extra terms on the right-hand side which are usually neglected.
In the case of zero magnetic fields however, Biermann (1950) illus-
trated that this will lead to
∂tB =
1
en
∇Te ×∇n (1.22)
and therefore magnetic fields can be generated by density fluctuations
which are perpendicular to the temperature gradients. This mechan-
ism is called Biermann battery and can occur in shock fronts around
supernovae, ionization fronts around stars, or possibly even be spon-
taneous fluctuations, and it will create small magnetic field strengths
of B ≈ 10−21 G (Kulsrud et al., 1997, Gnedin et al., 2000, Schlickeiser,
2012). Similiarly, fluctuating magnetic fields can arise due to the Wei-
bel instability in the plasma of protogalaxies (Lazar et al., 2009), when
momentum anisotropies are present.
Magnetic fields generated in stars by a stellar dynamo are locally
very strong, but their spatial extension is small compared to galactic
scales. Nevertheless, stellar winds and supernova outbursts are able
carry them into interstellar space where they become diluted, but may
retain considerable strength. If we consider a red supergiant star with
a moderate size of R = 100 R and a typical surface magnetic field of
Bs = 1 G Tessore et al. (2017) blasting its shell out to L = 10 pc, it will
leave a trace with field strengths of
Bt =
(
R
L
)2
G ≈ 10−14 G (1.23)
on that spatial scale. These numbers may be varied. Analogously, we
may conclude that AGN jets may provide powerful methods to carry
magnetic fields into the intergalactic medium (Bisnovatyi-Kogan et al.,
1973, Rees, 2005).
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1.7 Dynamo theory
causarum enim cognitio cognitionem eventorum facit.
Topica (Marcus Tullius Cicero)
The magnetic seed fields discussed in Section 1.6 are all consider-
ably weaker than what we can see in observational data. It can be
seen from the induction equation that it is possible to increase the total
magnetic energy in the system by doing work against Lorentz force
(or by a Poynting flux through the system boundaries). However, for
a plasma flow to do this efficiently it has to show certain properties.
Cowling (1934) argued that no axisymmetric flow can maintain a mag-
netic field against dissipation, which became known as the Cowling
anti-dynamo theorem. Similar anti-dynamo theorems show that any
presence of a high degree of symmetry will break dynamo action. In
particular, the system’s flow velocity field u(x, y, z, t) must depend
on more than two variables (Childress and Gilbert, 2008), thus any
two-dimensional steady flow will be unable to generate a dynamo.
Vai˘nshtei˘n and Zel’dovich (1972) introduced the distinction
between fast and slow dynamos by their dependence on the Ohmic dis-
sipation η. While slow dynamos have a dynamo growth rate γ ∝ ηα
for some α > 0, where
B ∝ exp (γt) (1.24)
depends on the growth rate γ, this growth rate is independent of the
Ohmic dissipation rate η for fast dynamos, i.e. α = 0. In particular,
fast dynamos can also operate in the ideal MHD limit where the
Ohmic dissipation is zero, while slow dynamos will not work in this
regime as γ approaches zero.
1.7.1 The fast dynamo
Practically all dynamo mechanisms relevant in astrophysical applica-
tions are fast dynamos (Brandenburg et al., 2012). The Stretch-Twist-
Fold mechanism (Vai˘nshtei˘n and Zel’dovich, 1972) is a very intuitive
way of envisioning how magnetic field lines may be amplified in a
suitable plasma flow condition. Figure 1.5 illustrates how a closed
magnetic field loop is stretched, twisted, and folded onto itself. If
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Figure 1.5: Stretch - Twist - Fold: Magnetic field loops following the plasma
flow can become stretched and then twisted. If the twisted loop is then folded
back, its field lines can reconnect to a stronger loop due to a finite resistivity.
there is finite resistivity, it will make the double-loop reconnect itself
and create a single stronger loop, but this is not necessary to sus-
tain the dynamo (Brandenburg and Subramanian, 2005). It becomes
evident that there must be shear to do the stretching, as well as a
perpendicular twisting and folding motions, so the required plasma
flow may appear very complex.
The group of fast dynamos can be further divided in large-scale
dynamos which produce magnetic fields which are ordered on scales
larger than the flow scale, and small-scale dynamos where the gen-
erated field lines are fluctuating incoherently. The most prominent
theory for large-scale dynamos is given by the mean-field approach,
where the velocity field and the magnetic field are decomposed into
averaged components and fluctuating components U = U+ u and
B = B+ b where the average can either be an ensemble average or
some kind of spatial average. The modified induction equation for
the mean magnetic field then becomes
∂tB = ∇×
(
U×B− ηJ+ E) (1.25)
with a mean electromotive force E = u× b depending on the small-
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scale components of velocity and magnetic field. This type of dynamo
has long been of interest in the research on galactic magnetic fields be-
cause observations of the Milky Way as well as nearby spiral galaxies
showed large ordered fields. Naturally, this seemed a good candidate
to produce these kinds of fields, although they require certain flow
conditions, such as magnetic helicity and shearing motions, to work.
1.7.2 The small-scale dynamo
More recently, however, more attention has been given to small-scale
dynamos as they are more generic in terms of flow requirements and
exhibit much faster magnetic field growth, since their amplification
time scales are of the order of the smallest turbulent eddy turnover
time scale. This is important because they allow field amplification
even in galaxy clusters or elliptical galaxies (Brandenburg and Subra-
manian, 2005), and they can explain strong magnetic fields in high-
redshift galaxies when the Universe was much younger and large-
scale dynamo amplification times were not sufficient.
Assuming a turbulent velocity field v with an isotropic and ho-
mogeneous Gaussian random distribution and δ-correlation in time,
Kazantsev (1968) used the two-point correlation function
Mij(r, t) = 〈Bi(x, t)Bj(y, t)〉 (1.26)
to derive a differential equation for it which has exponentially grow-
ing solutions, which laid the foundation for what became known as
Kazantsev theory. Under the same assumptions, Kulsrud and Ander-
son (1992) found that for a Kolmogorov kinetic energy spectrum the
magnetic energy spectrum produced by this dynamo will scale with
the wave number as k3/2 for scales larger than the resistive scale, and
that the amplification time is comparable to the turnover time of the
shortest eddy. Using the Wentzel-Kramers-Brillouin (WKB) approx-
imation on Kazantsev’s equation, Schober et al. (2015) analysed its
behaviour as the magnetic field becomes stronger and approaches
saturation. They considered the limits of very small and very large
magnetic Prandtl numbers found that the dynamo growth rate scales
with the magnetic and kinetic Reynolds numbers, respectively. Their
results show that this type of dynamo will saturate between 0.1% and
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50% of turbulent equipartition, depending on PrM, the Mach number
and the model of turbulence.
1.8 A brief history of galaxies
’Bring action hither, this cannot go to war:
A stirring dwarf we do allowance give
Before a sleeping giant.’ Tell him so.
Troilus and Cressida (William Shakespeare)
The hierarchical scenario in the Λ-CDM paradigm assumes that
structures grew from initially small-scale perturbations in the density
field, as matter became condensed under its own gravitation and
subsequently collapsed into small halos. These are believed to be the
hosting sites for the formation of protogalaxies and of the first stars
which were very massive Population III stars. These first galaxies, due
to the lower mass, are strongly affected by stellar feedback, which is
very efficient in driving turbulence. In particular, radiation pressure
driven winds and supernovae explosions can affect star formation
and increase the ISM inhomogeneity (Wise et al., 2012, Brook et al.,
2012).
According to the hierarchical formation scenario (White and Frenk,
1991, Cole et al., 2000), the leading mechanism in galaxy formation
is galaxy merging and accretion of smaller systems. Indeed, at high
redshift galaxies are expected to experience subsequent violent in-
teractions, eventually building up more massive stable structures.
Mergers of lower-mass galaxies are considered rarer due to the low
observational evidence. An outstanding case, on the other hand, is
a satellite galaxy of Andromeda, Andromeda II, which is thought to
be the remnant of an old merger of two dwarf galaxies (Amorisco
et al., 2014). The galaxy merging rate is estimated to depend on the
redshift as (1 + z)m, with 1 < m < 3 Lotz et al. (2011), however most
observations these estimates are based on are at low redshift (z<1.5),
hence this linear dependence could have a turn-off at some point.
In the later stages of evolution, gas accretion and dynamical en-
counters are limited, which determines the establishment of a more
quiescent phase, where turbulence progressively decreases. The times-
cale over which turbulence is dissipated can be estimated from the
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Kolmogorov’s energy flow through the eddie scale and it turns out to
be about a crossing time (Klessen and Glover, 2016), which amounts
to 1 Gyr for a dwarf galaxy like the ones that we are going to consider.
All in all, the emergent picture is that as the first galaxies formed
and evolved, assembling to larger and larger objects. At the same
time, they underwent very active phases with strong turbulence that
eventually decayed as they ’settled down’. This turbulence may have
been a strong driver of dynamo action which amplified magnetic
fields. Thus, galactic magnetic fields are closely connected to the
evolution of their host galaxy.
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2 Small-scale dynamo amplification
Und jedem Anfang wohnt ein Zauber inne
Das Glasperlenspiel (Hermann Hesse)
In this chapter1, we will investigate the particular role played by
feedback mechanisms in creating strong fluid turbulence, allowing for
a magnetic dynamo to emerge. Performing magnetohydrodynamic
simulations of isolated cooling gas halos, we compare the magnetic
field evolution for various initial field topologies and various stel-
lar feedback mechanisms. We find that feedback can indeed drive
strong gas turbulence and dynamo action. We see typical properties of
Kolmogorov turbulence with a k−5/3 kinetic energy spectrum, as well
as a small-scale dynamo, with a k3/2 magnetic energy spectrum pre-
dicted by Kazantsev dynamo theory. We also investigate simulations
with a final quiescent phase. As turbulence decreases, the galactic
fountain settles into a thin, rotationally supported disk. The magnetic
field develops a large-scale, well-ordered structure with even sym-
metry, which is in good agreement with magnetic field observations of
nearby spirals. Our findings suggest that weak initial seed fields were
first amplified by a small-scale dynamo during a violent, feedback-
dominated early phase in the galaxy formation history, followed by a
more quiescent evolution, where the fields have slowly decayed or
were maintained via large-scale dynamo action.
1The work presented in this chapter has been published in the Monthly Notices of
the Royal Astronomical Society, Volume 457, Issue 2 under the title ‘A small-scale
dynamo in feedback-dominated galaxies as the origin of cosmic magnetic fields - I.
The kinematic phase’, following peer-review (Rieder and Teyssier, 2016). It was also
presented at the XXIX General Assembly of the International Astronomical Union
in Honolulu, Hawaii, USA in August 2015.
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2.1 Introduction
Large-scale magnetic fields are measured with strengths of up to
several µG in nearby galaxies (Beck et al., 1996), and possibly even
higher field strength have been detected in earlier galaxies at high
redshift (Bernet et al., 2008). The preferred theory to explain their
origin is based on the early generation of seed fields at the epoch
of cosmic re-ionisation, through the microscopic process known as
‘Biermann battery’ (Biermann, 1950, Naoz and Narayan, 2013), later
amplified during the galaxy formation era, through the large-scale
galactic dynamo process (Parker, 1970, Brandenburg and Subrama-
nian, 2005). The Biermann battery is likely to generate fields at the
level of 10−20 G, leaving to the galactic dynamo process more than
14 orders of magnitude of field amplification during the 10 Gyr of
cosmic evolution. The challenge for galactic dynamos is even more
severe, if one considers that strong fields are already in place at high
redshift (Widrow, 2002), and are probably even stronger than they are
today (Bernet et al., 2008).
Successful theoretical models for large-scale galactic dynamos re-
port exponential growth rates of the order of Γ ' 0.01 to 0.1Ω, where
Ω is the galactic disk rotation rate (Pariev et al., 2007). For typical,
present day spirals, this translates into e-folding amplification time
scale of roughly 1 Gyr, making the task of amplifying the field over 14
orders of magnitude virtually impossible. One noticeable exception is
the cosmic-ray-driven dynamo proposed by Parker (1992) and simu-
lated by Hanasz et al. (2004), leading to a measured growth rate Γ ' Ω,
although the numerical experiment was performed over only a relat-
ively limited time, since the reported magnetic field amplification was
over only 3 orders of magnitude (Hanasz et al., 2004). On the theoret-
ical side, classical mean field dynamos are plagued by the catastrophic
α-quenching effect, leading to very low saturated values for the large-
scale magnetic field (Kulsrud and Anderson, 1992, Vainshtein and
Cattaneo, 1992), owing to the strict conservation of magnetic helicity
in a closed system. A possible solution to this problem is the effect
of galactic winds, that could drag the magnetic field lines outside
of the dynamo-active disk, therefore alleviating the aforementioned
quenching issue (Del Sordo et al., 2013).
The theory of galaxy formation has significantly evolved over the
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past decade, with the ever increasing role of feedback processes (Scan-
napieco et al., 2012) and their associated galactic winds (Oppenheimer
and Davé, 2006), together with the dominant accretion mechanism
through cold streams (Kereš et al., 2005, Ocvirk et al., 2008, Dekel
et al., 2009). On the observational side, galactic winds are indeed ubi-
quitous in star bursting local galaxies (Martin, 1999), but also in many
“normal” high redshift galaxies (Steidel et al., 2010). One of the most
spectacular observational constraints on galaxy formation theories
was obtained by matching the stellar mass of the central galaxies to
their parent halo mass (Behroozi et al., 2013, Moster et al., 2013). This
has led theorists to consider much stronger feedback processes, in
order to regulate star formation throughout cosmic time, especially at
high redshift, when the star formation efficiency was so low (Agertz
et al., 2013, Hopkins et al., 2014, Roškar et al., 2014, Wang et al., 2015).
In this rather violent, feedback-dominated scenario, dwarf galaxies
play a very important role. They are the dominant galaxy population
at high redshift, probably responsible for the cosmic re-ionisation
(Kimm and Cen, 2014). They are also the progenitors of the Milky
Way satellites, which are useful laboratories to test our current galaxy
formation paradigm. For the latter, violent feedback mechanisms have
also been invoked to explain the absence of cusp in the dark matter
density profile, and the presence of a dark matter core in low surface
brightness galaxies (de Blok et al., 2001). Cosmological simulations
of dwarf galaxies have been performed with strong feedback recipes,
confirming in this case the formation of a dark matter core (Governato
et al., 2010, 2012). Recently, we have also performed idealised simu-
lations of an isolated, cooling gaseous dwarf halo, obtaining, in this
well-controlled numerical experiment, the formation of a dark matter
core (Teyssier et al., 2013). The dark matter core formation mechanism
is now well understood (Pontzen and Governato, 2012). It is due to
repeated, energetic feedback events due to many supernovae explo-
sions, leading to violent oscillations of the gravitational potential, due
to the large gas mass variations within the central kilo parsec of the
galaxy. A possible observational signature of this effects is a typical,
oscillatory star formation history, mimicking a breathing mode in the
gas distribution (Kauffmann, 2014).
In this chapter, we want to study the impact of a strong feedback
scenario on the growth of magnetic fields in dwarf, as well as in larger
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galaxies. The velocity field on both small and large scales, resulting
from repeated giant feedback events, can have a direct influence on
the growth of the magnetic energy. Indeed, supernovae explosions
in the Milky Way have been considered for quite a long time as a
source of helical gas motions, promoting a large-scale α-dynamo
in the Galaxy (Ferriere, 1992). The Milky Way is however a rather
quiescent galaxy, with moderate supernovae activity. Here, we are
considering feedback-dominated galaxies, with high star formation
rates and violent turbulent motions, together with large-scale galactic
fountains or winds.
Several simulations including magnetic fields have been performed
recently in the context of galaxy formation (Wang and Abel, 2009,
Dubois and Teyssier, 2010). These simulations, based on the popular
“cooling halo” numerical set-up, have achieved only moderate mag-
netic field amplification. The important property of these simulations
is the absence of feedback (Wang and Abel, 2009), or the relative weak-
ness of the feedback recipe used at that time (Dubois and Teyssier,
2010).
A first exception is the simulation reported in Beck et al. (2012),
based on a MHD version of the SPH code GADGET with divergence
cleaning. They observed a fast exponential growth of the magnetic
field, which they attribute to a small-scale dynamo. Feedback pro-
cesses were included through an effective Equation-of-State (EoS),
without any explicit source of turbulence in these relatively smooth,
thermally-supported flows. These authors however reported very
strong growth rates, with e-folding times as small as 10 Myr, although
analytical estimates based on small-scale dynamo theory predicted
e-folding times closer to 100 Myr.
A second exception is the recent simulation reported in Pakmor
and Springel (2013), using the new Magneto-Hydrodynamics (MHD)
solver developed for the AREPO code (Pakmor et al., 2011), where
strong magnetic field amplification has also been observed, although,
here again, stellar feedback effects were not considered explicitly,
but only indirectly as a modified thermal EoS, leading to the forma-
tion of relatively smooth, two-dimensional flows, in which dynamo
amplification is in principle notoriously difficult to obtain.
In this chapter, we will use a similar set-up as in all those previous
studies, namely a cooling isolated gaseous halo, considering simula-
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tions with (but also without) strong stellar feedback. We will use the
Adaptive Mesh Refinement code RAMSES (Teyssier, 2002), adopting
the ‘Constrained Transport’, strictly divergence-free-preserving, MHD
solver presented in Teyssier et al. (2006) and in Fromang et al. (2006).
The chapter is organised as follows: In Section 2.2, we will present
our numerical methods, both in terms of galaxy formation physics
and magnetic field modelling. In Section 2.3, we describe our initial
conditions for the isolated, magnetised cooling halo. In Section 2.4, we
present our main results, outlining the difference between the feed-
back and the no-feedback cases. Finally, in Section 2.5, we discuss the
implications of our results in the context of galactic dynamo theory, as
well as possible further studies to confirm and broaden our findings.
2.2 Numerical methods
We have performed MHD simulations of isolated, cooling haloes,
using the Adaptive Mesh Refinement (AMR) code RAMSES (Teyssier,
2002). These simulations feature a collisionless fluid (for dark matter
and stars) and a magnetised gaseous component, coupled through
gravity. In this section, we describe the simulation technique used
to follow the evolution of our isolated halo. First, we describe in
details our AMR implementation for solving the ideal MHD equations,
together with simple test cases to show that it works as intended
in the context of galactic dynamo. We then describe the adopted
galaxy formation physics, such as gas cooling, metal enrichment, star
formation and stellar feedback, leading to what we believe to be a
realistic model of the interstellar medium (ISM).
2.2.1 Ideal MHD solver
The equations that we solve are the ideal MHD equations (written here
without gravity and cooling source terms for the sake of simplicity)
∂tρ+∇ · (ρu) = 0 (2.1)
∂t(ρu) +∇ · (ρuuT −BBT + Ptot) = 0 (2.2)
∂tE +∇ · [(E + Ptot)u− (u ·B)B] = 0 (2.3)
∂tB−∇× (u×B) = 0 (2.4)
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where ρ is the gas density, ρu is the momentum, B is the magnetic
field, E = 12ρu
2 + ε + 12B
2 is the total energy, and ε is the internal
energy. The total pressure is given by Ptot = P + 12B
2 where we
assume a perfect gas equation of state P = (γ − 1)ε. The system of
equations is completed by the soloinoidal constraint
∇ ·B = 0. (2.5)
The code is grid-based with a tree-based adaptively refined mesh.
The equations are solved using the second-order unsplit Godunov
scheme based on the MUSCL-Hancock method. We chose the HLLD
Riemann solver with the MinMod slope limiter for the hydro vari-
ables which are cell-centred. The magnetic field on the other hand
is treated as a face-centered variable. This allows the use of the Con-
strained Transport (CT) method to advance the induction equation
(Equation 2.4) in time, which preserves the divergence of the magnetic
field to the numerical precision level (Teyssier et al., 2006). The CT
method involves a spatial interpolation of the EMF on the cell edges
for the predictor step and solving a 2D Riemann problem for the cor-
rector step. For the 2D problem, we use the HLLD solver as well and
for the magnetic field in general, the MonCen slope limiter.
Boundary conditions were chosen to allow for free outflow. For the
5 hydro variables, this is done by imposing a vanishing gradient at the
domain boundary (zero-gradient method). The same can be applied to
the transverse magnetic field component parallel to the boundary face
B‖, but would cause a non-zero divergence of the magnetic field if ap-
plied to the normal component B⊥ which is perpendicular to the face.
Instead, we use a linear interpolation for B⊥ so that ∇ ·B = 0. Note
that this method can cause an inward Poynting flux which transports
magnetic energy from the outside into the computational domain.
Since the magnetic field at the border is many orders of magnitude
weaker than the average, this does not contribute significantly to the
overall magnetic energy evolution (see Dubois and Teyssier, 2010).
Special care needs to be taken also when refining and de-refining
cells, in order to enforce the∇ ·B = 0 constraint, when interpolating
the magnetic field. A solution to this problem within the CT frame-
work has been proposed by Balsara (2001) and Tóth and Roe (2002),
and we adopt it here for newly refined cells, but also for temporary
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ghost cells used to set proper boundary conditions at coarse-fine level
boundaries.
In the context of galactic dynamos, it is worth mentioning that our
code has been tested extensively against well-known flows trigger-
ing fast dynamos, such as in the ABC flow (Galloway and Frisch,
1986, Childress and Gilbert, 2008) or in the Ponomarenko dynamo
(Ponomarenko, 1973). We have shown in Teyssier et al. (2006) that our
numerical scheme for the ideal MHD equations was in fact slightly
resistive, with, for a regular Cartesian grid, a numerical magnetic
Reynolds number roughly inversely proportional to the square of the
number of grid points per box length. This scaling is to be expected
for second-order schemes and smooth flows. In the context of AMR
and highly complex, turbulent flows, determining the exact effect-
ive numerical Reynolds number of the simulated flow is impossible.
Qualitatively, though, it is important to bear in mind that magnetic
reconnection and other diffusive processes occur in the simulation at
a typical scale probably very close to the grid scale. This scale plays a
very important role in dissipating the kinetic energy of the turbulence,
and also controls the magnetic energy losses due to reconnection or
(numerical) Ohmic dissipation.
2.2.2 Cooling and star formation
In addition to solving the ideal, self-gravitating MHD equations, we
also include many physical processes relevant to galaxy formation.
One of the key physical ingredient is gas cooling, which leads the
hot, initially hydrostatic halo gas to loose pressure support and to
condense in the centre as a centrifugally supported disc. When this
atomic gas of 104 K is allowed to cool even more due to fine-structure
metal line cooling or molecular cooling, the disc fragments into dense
clumps, leading to the formation of a turbulent, multiphase medium.
To model gas cooling, we use standard H and He cooling processes
with an additional contribution from metals based on Sutherland and
Dopita (1993) for temperatures above 104 K and metal fine-structure
cooling below 104 K, as in Rosen et al. (1995). The metallicity, denoted
as Z, is modelled as a passive scalar, representing the mass fraction
of atoms heavier than Helium in the gas. It is initialised to Zini =
0.05Z in the halo, mimicking molecular Hydrogen cooling in a zero
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metallicity gas. The metallicity is increased further by supernova
feedback events, using a metal yield of y = 0.1.
Our refinement strategy is based on a quasi-Lagrangian approach:
each cell is refined if it contains more than 8 dark matter particles or
if its baryonic mass (including gas and star particle mass) exceeds
8×mres, where mres is the adopted mass resolution of the simulation.
Refinement are performed recursively, on a cell–by–cell basis, until
the adopted maximum level of refinement is reached (noted `max). It
is crucial for astrophysical simulations to resolve spatially the Jeans
length (Truelove et al., 1997). Requiring that the Jeans mass is resolved
by at least 64 mass resolution elements, MJ = 64mres, and adopting a
realistic minimum temperature for the gas, noted TJ, one can compute
the corresponding Jeans length, and require it to be resolved by 4 cells,
λJ = 4∆xmin. We can then determine the maximum required level
of refinement corresponding to the adopted mass resolution mres. To
prevent the gas from accumulating and locally violating the Jeans
length criterion, we also add an artificial pressure floor,
PJ = (4∆xmin)
2 G
piγ
ρ2 (2.6)
so that the gas density will never significantly exceed a typical value
nJ given by the relation kBTJ = PJ(nJ)/nJ.
Stars are treated as collisionless particles which are created
stochastically from the gas according to a Schmidt law (as in Rasera
and Teyssier, 2006)
ρ˙∗ = ∗
ρgas
tff
(2.7)
if the local density ρgas is above a threshold density ρ∗ = n∗mH. We
always choose the star formation threshold density to be equal to the
previously defined Jeans density nJ. The star formation efficiency
per free-fall time is always set to ∗ = 0.01; this value is based on
observations of nearby molecular clouds (Krumholz and Tan, 2007).
Creation of stellar particles is a local random Poisson process with
Poisson parameter λ = ρ∗∆x3∆t/m∗ where ∆t is the simulation time-
step and
m∗ = n∗ (∆xmin)
3 (2.8)
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the mass of the resulting stellar particle, which is equal to the smal-
lest cell mass at the density threshold. For each simulation, precise
numbers for all these parameters are given in Table 2.1.
2.2.3 Stellar feedback
In this study, we explore the consequences of strong feedback scen-
arios on the amplification of the magnetic field in dwarf and Milky-
Way-sized galaxies. The proper modelling of stellar feedback mech-
anisms, such as supernovae explosions, photo-ionised bubbles or in-
frared radiation in dusty environment is subject to intensive research
throughout the ISM and galaxy formation literature. Understanding
in details these various processes goes far beyond the scope of this
work. Our goal is merely to use various phenomenological recipes to
model such feedback mechanisms very crudely, and produce dynam-
ical properties that we believe are relevant for high-redshift galaxies,
the most important one being the gas velocity field, highly turbulent,
explosive and fountain-like, which could result in a fast magnetic
dynamo.
Supernovae feedback
For this purpose, we used a numerical model for supernovae feedback
developed in the context of dwarf galaxies evolution, and that turned
out to lead to the formation of a dark matter core (Teyssier et al., 2013).
The main ingredient is the use of a non-thermal energy variable, and
its associated pressure, treated as a passively advected scalar quantity
eturb = ρturb, which represents various small-scale, non-thermal
energies released by supernovae (e.g. turbulence, magnetic fields or
cosmic rays). The evolution of this non-thermal energy is specified by
ρ
Dturb
Dt
= E˙inj − ρturb
tdiss
. (2.9)
where the dissipation time scale is fixed to tdiss = 20 Myr and the
energy injection per supernovae is set by
E˙inj = ρ˙∗ηSN · 1050 erg/M (2.10)
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where the mass fraction in massive stars is set to ηSN = 0.1 and the
local star formation rate ρ˙∗ is set by our adopted Schmidt law. For
details about the implementation, we refer to Teyssier et al. (2013)
Radiation feedback
Because supernovae are probably not energetic enough to trigger
strong winds in Milky-Way-sized galaxies, it has been proposed re-
cently to consider stellar radiation as an additional feedback mechan-
ism (Murray et al., 2010). Interstellar dust indeed absorbs UV photons,
much of it being subsequently re-emitted as thermal radiation in the
infrared band. This radiation will transfer momentum to the gas
through radiation pressure (Murray et al., 2010, Hopkins et al., 2012,
Agertz et al., 2013, Roškar et al., 2014) We consider radiation feedback
only for Milky-Way-sized galaxy simulations. We use here again a
very crude model to capture the energy from the stellar UV radiation,
using a simple escape probability model as
EUV = Erad [1− exp(−κUVρdust∆x)] (2.11)
with the dust mass density is assumed to be ρdust = Zρgas (here, Z
denotes the gas metallicity). The dust opacity at 0.1µm is taken to be
κUV = 1000 cm
2/g (Draine and Li, 2007), and the total energy released
during the first 10 Myr of a 10 M progenitor Erad = 1052 erg/M.
The same cell is then assumed to absorb the energy in the infrared
EIR = EUV [1− exp(−κIRρdust∆x)] (2.12)
where κIR is the dust opacity in the IR band, which is a free parameter
in our feedback implementation, usually around 10 cm2/g (Draine
and Li, 2007, Semenov et al., 2003). The energy EIR is added in the
non-thermal energy equation for E˙inj in the supernova feedback so
that it contributes to turb. Details about the implementation can be
found in Roškar et al. (2014). Here again, we would like to stress that
our goal is not to study in great details realistic feedback mechanisms,
but rather to generate galactic velocity fields in qualitative agreement
with high-redshift galaxies and their associated strong outflows, in
the context of galactic dynamos.
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2.3 Initial conditions
We have performed a series of non-cosmological simulations of isol-
ated halos in hydrostatic equilibrium, varying the initial set-up with
two different halo sizes (a typical dwarf and a typical Milky-Way)
and two different initial magnetic field topologies (dipole and quad-
rupole), in addition to the various options for stellar feedback that we
have discussed in the previous section. We will now describe more
precisely our initial set-up, and a summary of the various run paramet-
ers is given in Table 2.2. We refer the interested reader to Teyssier et al.
(2013) for a more detailed analysis of the non-magnetohydrodynamic
properties in the dwarf halo case.
2.3.1 Initial halo
Our initial halo follows a Navarro et al. (1997) (hereafter NFW) dens-
ity profile with a concentration parameter c = 10. The smaller of
the two halos, representative of a typical dwarf galaxy (we use the
acronym DW), has a circular velocity of V200 = 35 km/s and a virial
mass of M200 = 1.4 × 1010 M, both measured at the virial radius
R200 = 50 kpc . The halo is truncated at 112.5 kpc, resulting in the
total enclosed mass of 2× 1010 M. This is essentially the same set of
parameters we used in the hydrodynamic simulations of Dubois and
Teyssier (2010) and Teyssier et al. (2013).
The larger halo is chosen to be a typical Milky Way galaxy (we
use the acronym MW), where we increased the circular velocity to
V200 = 160 km/s, corresponding to a virial radius of R200 = 230 kpc
and a virial mass of M200 = 1.3× 1012 M. It is truncated at 514 kpc,
resulting in the total enclosed mass of 2× 1012 M.
In all other aspects, both initial configurations follow the same
prescription as in Teyssier et al. (2013). We consider a gas fraction
equal to the universal mean value fgas = 15%, and the gas density
is also following a NFW profile. The gas temperature is initialised
by solving the hydrostatic equilibrium equation. The gaseous halo is
set in slow rotation around the z-axis, using the angular momentum
profile from cosmological simulations and a spin parameter λ =
0.04. The dark matter halo is sampled by 106 dark matter particles,
whose initial positions and velocities were computed with the density-
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Figure 2.1: Streamlines of the magnetic field for the two topologies used
in the initial conditions. The left panel shows the dipole with mid plane
symmetry of the vertical component and mid plane antisymmetry of the
radial component, while the right panel shows the quadrupole field topology
with opposite symmetries.
potential pair approach of Kazantzidis et al. (2004) and Read et al.
(2006). The stability of the resulting gas-dark matter equilibrium was
shown in Teyssier et al. (2013) to be sufficiently good for our present
purpose.
2.3.2 Initial magnetic field
A fundamental ingredient in any MHD simulation is the adopted
initial magnetic field configuration. The simplest possible choice
would be a constant field parallel to one direction, e.g. a vertical
uniform field
Binitial =
 00
B0
 . (2.13)
However, we argue here that this choice is not appropriate for initially
concentrated mass distributions in general and for cosmological halos
in particular. This simple choice results indeed in a completely uni-
form magnetic energy distribution. As collapse proceeds, because of
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the initially peaked density distribution, less and less mass is added to
the central galaxy, especially at late time. Magnetic energy, however, is
still being accreted efficiently, even at late time, and artificially added
to the central object. We believe it is more appropriate, in the context
of ideal MHD (frozen-in magnetic flux), to consider that the initial
magnetic energy follows closely the initial density distribution, in
which case the magnitude of the field would scale roughly as
‖B‖ ∝ ρ2/3 (2.14)
This requirement translates into a more complex field topology, and
we need to work harder to initialise the field, compared to the uniform,
vertical field case. Another important property of galactic dynamos
is the field parity with respect to the system’s mid-plane. To explore
possible effects related to the direction of the vector field, with odd
or even parity across the mid plane, we consider initially two typical
topologies: dipole-like or quadrupole-like. The dipole-like field (we
use the acronym D) is defined using the following vector potential
AD = B0
[
ρ(r, z)
ρ0
]2/3
reφ (2.15)
where ρ(r, z) is the initial gas density given by the NFW profile and eφ
is the unit vector along the toroidal direction. Note that here, coordin-
ates are given in a cylindrical coordinate system centered around the
halo center and aligned with the rotation axis. The corresponding
magnetic field has a vertical component which is symmetric with
respect to the mid plane, while its radial component is antisymmetric.
The quadrupole field (we use the acronym Q) is defined using the
vector potential
AQ = B0
[
ρ(r, z)
ρ0
]2/3
z eφ (2.16)
and has the reversed symmetries. Its vertical component is antisym-
metric and its radial component is symmetric with respect to the mid
plane. Figure 2.1 illustrates the shape of the two vector fields. Note
that in both cases, the initial field strength follows a profile peaked
around the center with magnitude roughly proportional to ρ2/3, as
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expected. The magnetic field is then initialised on each cell face of the
AMR grid, using a finite-difference approximation of the curl:
Binitial = ∇×A (2.17)
This ensures that the divergence of the magnetic field is initially ex-
actly zero (to machine precision), and, thanks to the Constrained
Transport method, remains zero during the entire simulation.
In the present chapter, we would like to explore the purely kin-
ematic regime of the magnetic field evolution. This corresponds to
very small values of the magnetic field, for which there is no back
reaction on the flow (the Lorentz force can be ignored). We therefore
only solve the induction equation, which is linear with respect to the
magnetic field. The exact value of the parameter B0 is therefore irrel-
evant, and we will always quote magnetic field intensity as a function
of the initial intensity, or as a function of the average intensity. We will
study the saturation regime, and how the field reaches equipartition
with the thermal and kinetic energies of the gas in Chapter 3. Close to
saturation and equipartition, the exact value of the field matters a lot,
and in this case, the initial intensity plays a very important role. Here,
however, only the initial spatial distribution and the initial topology
of the field are important, but not its overall initial normalisation.
2.3.3 Summary of additional physics parameters
The feedback mechanism, whose details were explained in the pre-
vious section, can be switched on and off and in case of radiative
feedback its effective strength can be controlled by changing the sur-
rounding dust opacity parameter κ. The dwarf halo simulations were
run without any radiative feedback. The only option was to have
supernova feedback (simulations dubbed ’SN’) or no feedback at all.
In the Milky Way case, however, adding to those two options we also
tested two more set-ups with radiation feedback. The values tested
were one medium scale dust opacity value of κ = 5 cm2/g (’K-5’)
for 70 K dust and a rather opaque gas with κ = 20 cm2/g (’K-20’)
corresponding to a dust temperature of 140 K (cite Semenov et al.
2003). The feedback parameters for the dwarf as well as the Milky
Way simulations are given in Table 2.1 and Table 2.2. Both configura-
tions have the same star formation ∗ = 1% and supernova feedback
2.4 FIELD AMPLIFICATION BY FEEDBACK PROCESSES 39
Table 2.1: Halo initial conditions parameters.
parameter Dwarf Milky-Way units
R200 50 230 kpc
V200 35 160 km/s
M200 1.4× 1010 1.3× 1012 M
∆x 18 84 pc
mres 1.5× 103 1.5× 105 M
m∗ 2.0× 103 5.9× 104 M
T∗ 100 2000 K
n∗ 14 4 H/cc
∗ 1 1 %
ηSN 10 10 %
Zini 0.05 0.05 Z
met. yield 10 10 %
ηSN = 10% efficiencies. The temperature floor used to prevent the
gas from fragmenting below our resolution limit is given by
Tmin = T∗
(
n
n∗
)2/3
(2.18)
where the critical temperature T∗ is a cool 100 K for the dwarf halo
and warm 2000 K in the Milky Way case.
2.4 Field amplification by feedback processes
We will now present the results of our halo simulations, where we
studied the influence of various stellar feedback parameters. This sec-
tion is organised as follows: First, we present our dwarf galaxy simula-
tions, without feedback, then using supernovae feedback. Second, we
present the Milky-Way-sized galaxy simulations. For the latter case,
supernovae feedback does not differ strongly from the no-feedback
case, although it introduces slightly more turbulence in the gas. Radi-
ation feedback makes however a big difference, and we explore two
different dust opacities, resulting into two different scenarios for the
galactic outflows.
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Table 2.2: Initial magnetic field topology and feedback parameters.
Name Topology SN Feedback Opacity κ [cm2/g]
DW-D Dipole No 0
DW-D SN Dipole Yes 0
DW-Q Quadrupole No 0
DW-Q SN Quadrupole Yes 0
MW Dipole No 0
MW SN Dipole Yes 0
MW K-5 Dipole Yes 5
MW K-20 Dipole Yes 20
2.4.1 Dwarf galaxy
All our simulations begin in a similar way, which is the classical scen-
ario for these cooling halo set-up. The gas, although initially in strict
hydrostatic equilibrium, loses thermal energy through radiative cool-
ing. It thus collapses and a centrifugally supported disk forms from
the inside out, thanks to the initial angular momentum profile. In the
dwarf galaxy case, the disc is relatively thick at first: Atomic cooling
sets a natural temperature floor around 104 K. Low temperature ra-
diative processes (here mostly fine-structure cooling of metals) cools
the gas further, leading to the formation of a thin disc which quickly
fragments into dense gas clumps. The gas density in these clumps
reaches the star formation density threshold and the first stars form.
No feedback case
In absence of feedback, the disc remains very thin, and the gas clumps
are long-lived. Although our star formation efficiency was set very
low (one percent), most of the gas inside the dense clumps is conver-
ted into stars, after a few disc orbital time. The resulting galaxy is
very efficient at transforming most of its baryons into stars, which
is at odd with observed dwarf galaxies in the universe. Moreover,
the resulting circular velocity profile is strongly peaked towards the
centre, although dwarf galaxies circular velocity profiles are usually
declining towards the centre.
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Figure 2.2: Magnetic energy evolution in the dwarf galaxy simulations
without feedback, with dipole (solid lines) and quadrupole (dashed lines)
initial conditions. Values are normalised to the initial total magnetic energy
in the box. The black curves illustrate the shearing amplification ES with
compression values of EC = 10E0 (dipole) and EC = 103E0 (quadrupole)
and a shearing rate of S = (100 Myr)−1 for comparison. Without feedback,
magnetic energy rises a few orders of magnitude during the initial collapse
but is from then only slightly amplified by shearing over the entire simulation
time.
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The magnetic energy evolution can be seen in Figure 2.2. Our
new simulations confirm the earlier finding of Wang and Abel (2009)
and Dubois and Teyssier (2010): During the early magnetic field
amplification due to the collapse of the gas in the first few Myr, the
magnetic energy increases as ∆4/3, where ∆ is the ratio of the gas
density after and before the collapse. Note that the magnetic field
topology matters a lot in this early evolution. Without feedback,
the dipole configuration leads to magnetic reconnection in the mid
plane, as expected from the antisymmetry in the poloidal field. In
the quadrupole field configuration, because of the symmetry of the
poloidal field, the magnetic energy is not affected by field cancellation
effects.
After the collapse, one can see in Figure 2.2 that the magnetic energy
still grows, but much more slowly. This can be explained from field
lines being twisted by the differential rotation. In this almost perfectly
axisymmetric geometry, one can indeed approximate the induction
equation as (see e.g. Dubois and Teyssier, 2010)
∂tBr ' 0 and ∂tBθ ' rBr∂rΩ. (2.19)
The toroidal field grows therefore only linearly with time, while the
poloidal field (mostly radial) remains constant. This results in quad-
ratic time relation of the magnetic energy
ES = EC ·
(
1 + (S · t)2
)
(2.20)
with the magnetic energy after collapse EC, which depends on the
field topology, and the shearing rate S = r∂rΩ. We illustrate the
contribution of this model for shearing amplification to Emag for the
no feedback simulations in Figure 2.2.
On the other hand, one can see directly from Equation 2.19 that
a fast, exponential amplification of the field can be obtained only
if the radial component grows as fast as the tangential component.
For two dimensional, axisymmetric flows like our smooth rotating
disk, this cannot be the case, according to the famous Zel’dovich and
Cowling anti-dynamo theorems (Charbonneau and Steiner, 2012). A
further inspection of Figure 2.2 reveals several spikes in the magnetic
energy evolution. These are due to collapsing, rotating gas clumps,
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which trigger short episodes of field amplification. As anticipated by
Wang and Abel (2009), these vortex modes do indeed amplify the field
locally, but as soon as the clumps dissolve in the large-scale rotating
flow, so does their magnetic energy.
These clumps also trigger three-dimensional turbulence in the gas,
thanks to clump-clump interactions (Agertz et al., 2009). This could
in principle increase the magnitude of the radial component of the
magnetic field, but the induced effects remain too weak to affect the
large-scale dynamo. Figure 2.4 shows the velocity dispersion of the
dwarf galaxy in the no-feedback case: It barely reaches 10% of the
tangential velocity.
As a consequence, the corresponding magnetic field remains mostly
toroidal, as shown in Figure 2.3. One can also clearly see in this
Figure that the initial field parity (odd for the dipole and even for
the quadrupole) has been conserved during the collapse and the
subsequent shear amplification, providing a direct dependence of the
final field parity on the initial halo field topology.
Supernovae feedback case
We now describe our results for the dwarf galaxy with supernovae
feedback enabled. The evolution is drastically different, with violent
outflows terminating quickly the life of the dense star-forming clouds.
The resulting star formation rate is reduced by one order of magnitude,
compared to the no-feedback case. As shown in Teyssier et al. (2013),
the galactic circular velocity is now in much better agreement with
observed dwarf galaxies, exhibiting a kpc-sized core in the dark matter
distribution. Star formation also proceeds in successive starbursts,
leading to the ejection of massive quantities of gas into a galactic
fountain. The gas falls back after a dynamical time, triggering a new
star formation event.
The corresponding magnetic energy evolution can be seen in in Fig-
ure 2.5. We observe, for both dipole and quadrupole initial conditions,
a very fast, exponential growth with e-folding time of around 200 Myr.
The measured growth rate is therefore quite fast, comparable to the
rotation rate Γ ' Ω. Note that the magnetic energy has been amplified
by almost 18 orders of magnitude, which correspond to 9 orders of
magnitude in the magnetic field itself. Figure 2.4 compares the rota-
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Figure 2.3: Magnetic field components after 1.9 Gyr, as a function of the
vertical height relative to the galactic mid plane, normalised to BRMS, the
root mean square (rms) value of the field amplitude. Each component has
been computed for each z bin as the volume-weighted average value inside
each slice (the bin size is 10 pc). Without feedback, the initial mid plane
symmetry of the radial component is imprinted on the toroidal field, whose
peak value is rather high (in units of the rms field).
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Figure 2.4: Velocity profiles of circular velocity and vertical velocity dis-
persion in our dwarf galaxy simulations without (top) and with feedback
(bottom) at 1.9 Gyr. The solid lines show the average rotational velocity
Vθ and the dashed lines shows the vertical velocity dispersion σz , both as a
function of the cylindrical radius.
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Figure 2.5: Magnetic energy evolution in the dwarf galaxy simulations with
supernova feedback, with dipole (solid lines) and quadrupole (dashed lines)
initial conditions. Values are normalised to the initial total magnetic energy
in the box. The black straight line (right) marks an exponential growth
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2.4 FIELD AMPLIFICATION BY FEEDBACK PROCESSES 47
10
0
10
〈 B〉  
/ B
R
M
S
initial dipole
mean magnetic field (feedback)
­2 ­1 0 1 2
height above midplane [kpc]
10
0
10
〈 B〉  
/ B
R
M
S
initial quadrupole
Figure 2.6: Magnetic field components after 1.9 Gyr, as a function of the
vertical height relative to the galactic mid plane, normalised to BRMS, the
root mean square (rms) value of the field amplitude. Each component has
been computed for each z bin as the volume-weighted average value inside
each slice (the bin size is 10 pc). With feedback, all 3 field components are
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tional velocity V to the vertical velocity dispersion σ. We have in the
feedback case V/σ ' 1, a clear sign of strong turbulence. As a result,
field lines are violently twisted in random directions, allowing the
radial and vertical components of the field to reach a similar strength
than the toroidal component. Figure 2.6 illustrates this isotropy in
the magnetic field. The field is now highly turbulent, with the largest
fluctuation seen on the smallest scales (a few cell in size).
To study further the interplay between the supernovae-driven tur-
bulence and the growth of the field, we have computed the power
spectra of both the gas kinetic energy and the gas magnetic energy
in Figure 2.7. For the former, we see the almost immediate onset of
a power law power spectrum like the one predicted by Kolmogorov
(P ∼ k−5/3), quite typical of subsonic turbulence. The kinetic en-
ergy power spectrum appears very stable throughout the evolution,
maintained at this high level by supernovae explosions and rotational
energy. Note that the injection scale of the kinetic energy is very large
here: it is the size of the entire galaxy. To get an idea of the nature
of the forcing of the turbulence in this feedback-dominated galaxy,
we have plotted in Figure 2.12 a rendering of the gas velocity field. It
shows large-scale upward and downward motions, together with a
clear overall rotation pattern. The largest scale at which kinetic energy
is injected turns out the be roughly the halo scale radius rs, for which
marks the transition between the two power law regimes in the dark
matter distribution (from r−1 deep inside to r−3 in the outskirts). In
what follows, this radius will be identified to the kinetic energy injec-
tion scale, also noted L. Note that in our spectral analysis, the global
rotation was not removed from the velocity field before computing
its Fourier transform, because turbulence is clearly dominating. As
an additional caveat, we also note that both the gas density and the
magnetic field are far from being homogeneously distributed in the
box where the spectrum is computed, so that the signals are only
approximately isotropic and far from periodic.
The magnetic energy power spectrum, on the other hand, is plot-
ted in Figure 2.7 (bottom). We see here again that its amplitude is
exponentially growing, while its shape remains roughly the same,
with P ∼ k3/2 on the large-scale end. The power spectrum reaches a
maximum at a scale corresponding to 5 cells, then slowly declines as
its gets to the Nyquist frequency of the grid. This is exactly what is
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Figure 2.7: Time evolution of the kinetic and magnetic energy spectrum in a
central 5123 box and normalised to the total initial magnetic energy in the
box. The simulation quickly develops a k3/2, exponentially growing energy
spectrum, typical of small-scale Kazantsev’s dynamos, bottlenecked on scales
of a few grid cells.
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predicted from Kazantsev’s theory of turbulent dynamos (Kazantsev,
1968), and confirmed in the forced-turbulence, periodic box MHD
simulations of Haugen et al. (2004). In the present dwarf galaxy simu-
lations, we also obtain a small-scale magnetic dynamo, for which the
forcing scale would be the size of the entire galaxy L ' 10 kpc, and
for which the magnetic dissipation scale would be set by the adopted
numerical resolution.
In the small-scale dynamo theory, a critical ingredient is the mag-
netic Reynolds number Rm = V L/η which encode the magnitude
of the small-scale magnetic dissipation. In our notation, the velocity
dispersion at the forcing scale L is V and η is the magnetic dissipation
coefficient. As discussed in Brandenburg and Subramanian (2005),
exponential growth of the field is obtained if Rm > Rcrit, where the
critical magnetic Reynolds number was observed to be around 30-35.
In our case, where no explicit magnetic dissipation has been included
in the induction equation, this translates into a critical spatial resolu-
tion, beyond which we expect to see exponential amplification of the
field.
For this reason, we repeat the dwarf simulations at different res-
olutions to study their effect. We show in Figure 2.8 and Figure 2.9
the time evolution of the total magnetic energy in our dwarf galaxy
with 3 different maximum resolutions: ∆x =36, 18 and 9 pc. We see a
tendency for stronger amplification from compression with increasing
resolution in all cases because the gas can build structures with higher
density. Yet, without supernova feedback the subsequent shearing
amplification does not show a significant impact of resolution in the
resulting magnetic energy at the end. The feedback-driven dynamo,
on the other hand, shows a strong growth rate dependence on the
maximum resolution. In the low-resolution run, we obtain a rather
slow amplification, with Γ ' 0.4Ω. This means we are close to or
slightly better than the critical resolution for small-scale dynamo. For
our fiducial resolution, we see a fast exponential growth with Γ ' Ω.
In the high resolution case, we observe an even faster growth with
Γ ' 2Ω. In Figure 2.10, images of gas density projections are plotted
to show how the gas structure is resolved at different resolutions.
With increasing resolution, we see more dense substructures and
importantly finer details in the flow and stronger winds.
This behaviour can be explained nicely within the framework of
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Figure 2.8: Time evolution of total magnetic energy in the simulation box for
the dwarf galaxy simulation with different maximum resolutions without
feedback and normalised to their initial values. The initial magnetic field
topology used in all cases is the dipole type. We explore the effect of half and
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black curve illustrates the same shearing amplification as in Figure 2.2.
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Figure 2.9: Time evolution of total magnetic energy in the simulation box for
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Figure 2.11: Face-on (top row) and side-on (bottom row) of mass-weighted
density projections in the dwarf galaxy simulation at 1.9 Gyr. When there is
no feedback (left column), the gas builds up a thin and rotationally suported
disk. With feedback (right column), we form a thick, turbulence-supported
disk with strong outflows.
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Figure 2.12: Mass-weighted average velocity field maps corresponding to
the density projections of Figure 2.11. Arrows show direction (but not
strength) of the mean velocity field perpendicular to the line of sight. Colours
indicate the strength and direction of the line-of-sight velocity component,
where blue means approaching and red means receding from the observer.
Without feedback (left), gas motion is dominated by global rotation (bottom)
and the vertical velocity component is weak (up). Feedback (right) drives
winds which can be seen as a strong vertical component (upper panel) and
significant deviations from pure rotation (lower panel).
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Figure 2.13: Mass-weighted magnetic pressure maps of the dipole simulation
at 1.9 Gyr, normalized to the initial average magnetic pressure. Overlaid
in black are streamlines of the mean field perpendicular to the line of sight.
Without feedback (left), the field is ordered and dominated by a large-scale
dipole structure (bottom) and a dominant toroidal field in the disk (top).
With feedback (right), the magnetic field is characterised by random turbulent
motions, without preferred direction or large-scale pattern (both right panels).
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small-scale dynamos, for which the growth rate is determine by the
inverse of the eddy turn-over time at the dissipation scale `, namely
Γ ' v(`)/` ∝ `−2/3 for Kolmogorov’s turbulence. At higher resolution,
the eddy turn-over time scale become shorter, so that the growth rate
becomes larger. In the kinematic phase, well before the saturation
phase, when the magnetic energy will reach equipartition with the
kinetic energy, the growth rate of the small-scale dynamo is therefore
determined by the smallest resolved scale of the turbulence, `, and
propagates through an inverse cascade all the way up to the forcing
scale L, following the k3/2 Kazantsev’s power law.
Since actual microscopic dissipation processes are occurring on very
tiny scales, completely unresolved even by our highest resolution run,
one expects the actual growth rate to be even higher than the already
fast rates we have measured in our numerical experiments. It is there-
fore reasonable to assume that field saturation will be reached very
quickly. For the study of the saturation phase we refer to Chapter 3.
2.4.2 Milky-Way-like galaxy
We now describe our results for the Milky-Way-sized halo. In this case,
the gas quickly cools down to 104 K, which leads to the immediate
formation of a very thin disk. Our spatial resolution in the Milky-
Way case is limited to 84 pc, so we can’t allow the gas to cool much
below 3000 K, as summarised in Table 2.1. Nevertheless, the disk is
so massive that it also quickly fragments into massive clumps that
actively form stars.
No feedback and supernovae feedback cases
In the no-feedback case, the galactic disk develops a massive central
condensation of stars, which results in a central circular velocity close
to 500 km/s. With supernovae feedback, however, we manage to re-
duce significantly the central bulge mass, with a maximum rotational
velocity approaching only 250 km/s (see Figure 2.18). Note that even
with supernovae feedback included, we do not reduce the overall star
formation efficiency, and after several Gyr, most of the baryons have
been converted into stars. This can be explained by the relatively low
specific energy released by supernovae, making it very difficult for
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Figure 2.14: Magnetic energy time evolution in the Milky Way simulations,
normalised to their initial values. The dashed line marks an exponential
growth exp (Γt) at a rate of Γ = 5 Gyr−1 for comparison. Without feedback
or only supernova feedback (κ = 0), the energy does not grow after the initial
collapse. Increasing the effective radiative feedback strength κ boosts the
growth rate Γ.
the gas to reach the escape velocity of the halo (see for example Roškar
et al., 2014, for a complete discussion). A small galactic fountain sets
in, so that the gas remains mostly bound to a weakly turbulent disc,
as can be seen on Figure 2.18 in the vertical velocity dispersion profile.
Figure 2.14 shows the magnetic energy evolution for these two
cases, and they exhibit the same features as the no-feedback dwarf
galaxy case: early magnetic field amplification due to gravitational col-
lapse of the cooling halo gas, followed by a weak shear amplification,
with some fluctuations associated with fragmenting-clumps-induced
vortex modes. The corresponding magnetic field topology appears
2.4 FIELD AMPLIFICATION BY FEEDBACK PROCESSES 59
as very well organised on large scales, with a dominating toroidal
component.
Radiative feedback case
Following the methodology explored for the first time in Roškar et al.
(2014), we now consider a feedback model based on radiation from
young stars efficiently absorbed by dust, and converted into kinetic
energy through the infrared radiation force. Bear in mind that this
model has been designed to be very optimistic, in order to maximise
the effect of the radiation pressure on dust grains. Realistic modeling
of the physical underlying processes is not our main objective here and
we rather want to obtain an efficient feedback mechanism, launching
a strong enough galactic wind, and analyse the possible effect of
the resulting fountain flow on a magnetic dynamo. Images of gas
density projections are shown in Figure 2.15. We have modelled our
Milky-Way-like galaxy using two different values for the dust opacity:
κ = 5 cm2/g and κ = 20 cm2/g, which span a range of realistic dust
temperatures. The latter model gives rise to the strongest galactic
fountain, and resembles in many aspects to the dwarf galaxy case
with supernovae feedback. The former, lower opacity case appears
as less energetic, with a weaker wind and slightly smaller turbulence.
These differences can be seen in the gas images in Figure 2.16, and are
expressed quantitatively using the vertical velocity dispersion and the
rotational velocity profiles (see Figure 2.18), the high opacity, more
extreme case giving rise to a quasi-spheroidal galaxy, with V/σ ' 2.
When looking at the corresponding magnetic energy evolution on
Figure 2.14, it is interesting to notice that the higher velocity dispersion
corresponds to the faster growth rate. Although both galaxies show
an exponential growth of the magnetic energy, only the high opacity
simulation reaches a growth rate as high as Γ ' Ω. The low opacity
case only reaches Γ ' Ω/2. This is again in line with the theory of
small-scale magnetic dynamos, for which the growth rate Γ ' v(`)/`,
is proportional to the amplitude of the velocity fluctuations. Here
again, our turbulent forcing scale is the size of the entire galaxy, and
the dynamo growth rate is set by the the dissipation scale, which in
our case corresponds to the numerical spatial resolution.
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Figure 2.18: Velocity profiles of circular velocity and vertical velocity disper-
sion analogous to the one in Figure 2.4, but for the Milky Way simulations
with increasing values of the dust opacity κ from top to bottom. While
the rotational velocity Vθ (solid lines) becomes smaller, the vertical velocity
dispersion σz (dashed lines) increases.
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2.5 Discussion
We have performed MHD simulations of feedback-dominated galax-
ies, both dwarf galaxies and Milky-Way-sized galaxies. We have
shown that, if feedback processes are strong enough, a small-scale
dynamo sets in, with a typical kinetic energy injection scale L corres-
ponding to the size of the entire galaxy (which is in our case is close
to the halo scale radius rs), and a typical magnetic dissipation scale `
corresponding in our case to the adopted spatial resolution. We have
observed an exponential increase of the magnetic energy, with growth
rate Γ ≥ Ω, higher than the galaxy rotation rate, possibly much higher
if one considers realistic microscopic diffusion processes instead of
only numerical diffusion.
Three important aspects are missing in order to apply our findings
to the origin of galactic magnetic fields: 1- We have considered rather
idealised simulations of galaxies in isolation. 2- We have only de-
scribed the kinematic phase, deferring the discussion of the saturation
to Chapter 3. 3- We have considered feedback-dominated galaxies,
which are relevant for the high-redshift universe. What will happen
after this feedback-dominated epoch, for quiescent, razor-thin galactic
discs? In this section, we speculate on possible cosmological con-
sequences of our results on the nature of the magnetic field in high
redshift galaxies, as well as the magnetic strength and topology in
lower redshift galaxies.
2.5.1 Cosmological implications for high-redshift galaxies
Although our numerical simulations were not performed in a realistic
cosmological context, we can still draw conclusions for the cosmic
evolution of magnetic fields, assuming that the universe is made of
a collection of halos of various masses, and generalised our results
using simple analytical estimates. For this purpose, we will assume
that high-redshift galaxies are all dominated by efficient feedback pro-
cesses, so that galactic winds can drive a powerful fountain, resulting
in a gas rich, turbulence-dominated corona, with a size equal to rs, the
halo scale radius, that sets the turbulence injection scale. As shown
in the previous sections, a very efficient small-scale dynamo is likely
to develop, with a growth rate larger (possibly much larger) than the
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rotation rate of the galaxy. Although a detailed study of the saturation
phase is required to study how fast the field will reach equipartition
(and at what scales, see Chapter 3), we postulate here that each halo
reaches equipartition between magnetic and turbulent kinetic energy
almost instantaneously, within a volume set by the halo scale radius
rs. This leads to the equipartition value for the field:
B2eq
4pi
= ρgasσ
2
turb (2.21)
For the gas density, we assume that its average value can be approx-
imate by the baryon fraction fb = Ωb/Ωm of the total mass halo scale
density
ρgas ' fbρs (2.22)
and for the turbulence velocity dispersion, we adopt the value inferred
by our simulations, namely the halo maximum circular velocity (at
rs)
σ2turb ' V 2max ' 0.193× 4piGρsr2s (2.23)
Using standard redshift-dependant functions for these two halo para-
meters rs and ρs, assuming an average halo concentration parameter
c = 8 and a baryon fraction fb ' 0.18, we obtain a prediction for the
saturated field
Beq ' 3µG (1 + z)2
(
M200
1010M
)1/3
(2.24)
The resulting magnetic pressure scales as a function of mass and
redshift exactly like a “viral pressure” in the halo. Note that this
equipartition field increases quite fast with increasing redshift, but
quite slowly with increasing halo mass. For a feedback-dominated,
Milky-Way-sized galaxy, at redshift z = 2, one still predicts a rather
strong magnetic field, slightly above 100µG. Although very interest-
ing in setting the foundations for a theory of small-scale dynamo in
the cosmological context, our present discussion remains speculative,
in the sense that we do not properly model cosmological infall and
the associated hierarchical merging of smaller structures. This could
lead to a dilution of the dynamo-amplified field and lower the growth
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rate. It is therefore of primary importance to simulate such feedback-
dominated galaxy formation models with both MHD and a realistic
cosmological environment.
2.5.2 Transition to quiescent, low-redshift galaxies
The cosmological applications we have derived from a simple ana-
lytical extension of our numerical results was within the context of
feedback-dominated, high-redshift galaxies. Low redshift galaxies
are however quite different. We see in our nearby universe many
grand design, quiescent disk galaxies, with very thin, low velocity
dispersion disks, and for larger halo masses, we even see red and
dead elliptical galaxies. The present day universe is therefore very
quiet, and strong feedback effects are absent, except may be in some
very intense starbursts, usually triggered by (very rare) merger events.
Our present methodology, based on isolated, gas rich, cooling halos,
does not allow to explore the low redshift universe self-consistently,
unless one artificially switches off feedback processes. This is the
strategy we adopt in this section, in order to explore the consequence
of evolving our simulated objects from a feedback-dominated state,
to a more quiescent state, without strong galactic fountains, resulting
in much thinner, rotationally supported disks.
It is indeed very important to estimate how the magnetic field,
amplified first through a turbulent-driven small-scale dynamo, could
evolve into a large-scale field, mostly driven by rotational shear. The
obvious question one might ask is: Does the magnetic energy dis-
appear, as the small-scale turbulent field reconnects on small scales?
How intense will the surviving large-scale and mostly toroidal mag-
netic field be, after the galaxy develops into a thin, centrifugally
supposed disk? For this reason, we decide to re-start our dwarf
galaxy simulations after 3 Gyr of small-scale dynamo amplification,
but without any stellar feedback. In the absence of galactic winds, the
turbulent corona rapidly collapses back to a thin disk, and a mostly
toroidal field appears after a few rotations. Images for gas density,
velocity field and magnetic field of the galaxy after it has collapsed
are shown in Figure 2.19.
We see in Figure 2.20 the evolution of the magnetic energy versus
time for this “suppressed feedback” simulation. We see that overall,
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Figure 2.20: Time evolution of the magnetic energy inside the simulation box
of dwarf galaxies with feedback (black) and re-runs of the same simulations
from 3 Gyr, but with feedback switched off (blue), with initial dipole (solid)
and quadrupole (dashed) magnetic field configuration. When feedback be-
comes suppressed, the exponential growth is halted and the total magnetic
energy remains roughly constant.
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after the thin disk appears, the magnetic energy is for the most part
conserved. Two competing effects are indeed at work here: gravita-
tional collapse that amplifies the field from a corona-diluted state to a
thin disk-concentrated state, on one hand, and magnetic losses due
to reconnection of mostly small-scale field lines in the mid plane of
the disk. What is interesting and highly non-trivial, is that these two
effects basically cancel each other, and that the final magnetic energy
in the thin disk is the same than the initial magnetic energy in the
large, turbulence-supported corona.
Large-scale, collapse-amplified magnetic fields have replaced small-
scale, reconnection-suppressed fluctuations. Large-scale modes arise
in the small-scale dynamo picture because the field is amplified on
all scales at the same rate, up to the turbulence forcing scale, a well-
known property of small-scale dynamos. Enough magnetic energy
has been stored on large scales, so it can survive and compensate for
reconnection and field cancellation effects during the collapse.
We would like to stress here again that this new type of simulations
with suppressed feedback was performed in the weak field, pure
kinematic regime as well. Since we believe that after the feedback-
driven, small-scale dynamo phase, the field has probably quickly
reached equipartition, we need to study this transition from thick-
corona to thin-disk using a properly saturated field, which is the
purpose of Chapter 3.
Nevertheless, we can also study the topology of the field after
the disk has settled in a thin, rotation-supported state. Figure 2.22
shows the toroidal, radial and vertical field in the disk 2 Gyr after the
feedback has been suppressed. The field is mostly tangential, with
however stronger radial and vertical components, compared to the
no-feedback case. This is in agreement with observations which show
pitch angles as high as 30◦ (Patrikeev et al., 2006). The most interesting
results is the topology of the field, which appears quadrupole-like,
even if we start with only a dipole in the initial conditions. Dipole-
like modes present in the large-scale magnetic field of the corona
have odd parity. They will cancel in the mid plane after the gas has
collapsed into a thin disk (like in the no-feedback case). Quadrupole-
like modes, on the other hand, have even parity and they will be
combined non-destructively in the mid plane after the collapse of the
turbulent corona. One interesting prediction of the scenario which
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Figure 2.21: Velocity profiles of circular velocity and vertical velocity disper-
sion in the suppressed feedback run, as in Figure 2.4, 1 Gyr after the feedback
has been switched off. Gas motions go back to being rotation-dominated, as
in the no-feedback case.
we consider here is therefore a systematic quadrupole field topology,
independently of the initial topology of the primordial field. This
result is in very good agreement with observational data of the Milky
Way (Taylor et al., 2009, Oppermann et al., 2012), as well as external
galaxies (Braun et al., 2010, Mao et al., 2012).
2.6 Conclusions
We have performed MHD simulations of cooling halos, for both dwarf
and Milky-Way-sized haloes, in the kinematic regime where magnetic
field are weak enough so that the effect of the Lorentz force on the
turbulent flow is insignificant. Using supernovae feedback for dwarf
galaxies, as well as radiation feedback for large galaxies, we have
shown that a small-scale dynamo quickly sets in, with the turbulent
energy injection scale roughly equal to the halo scale radius rs, and
dissipation scale roughly equal to 4-5 cell sizes. In agreement with
small-scale dynamo theory, we observe an exponential amplification
of the magnetic energy on all scales, up to the injection scale, with a
growth rate at least equal to twice the disk rotation rate. The growth
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Figure 2.22: Average magnetic field components after feedback has been
switched off, versus the vertical height relative to the galactic mid plane,
computed as in Figure 2.3 and normalized to BRMS. After collapse, the
magnetic field is dominated by its toroidal component, but we also see a
non-negligible radial component. The toroidal component has also developed
an even symmetry across the mid plane, as in the simulations with initial
quadrupole and without feedback, even if the initial condition was a dipole
(top).
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rate in the kinematic phase is set by the adopted numerical resolution.
In our simulated halo, we need to have a resolution of 20 pc or better
(for rs ' 3.5 kpc) to obtain a significant growth rate (as high as Γ ' Ω).
This corresponds roughly to 100 resolution elements per turbulent
energy injection scale. We believe this resolution corresponds to the
critical magnetic Reynolds number Rm ' 35, beyond which magnetic
field amplification through small-scale dynamo is possible. Note that
for weaker feedback scenarios, the kinetic energy injection scale is
likely to be smaller, which translates into more stringent resolution
requirements. This analysis should be kept in mind, when one wants
to extend this to the cosmological context. One difficulty might arise
when one considers infall of pristine, low magnetic field gas as a
source of field dilution. This could require a larger small-scale dynamo
growth rate for the field to be able to increase, and therefore results in
even more demanding resolution requirements.
We have shown that a small-scale dynamo, driven by strong feed-
back processes in high-redshift galaxies, could be the origin of galactic
magnetic fields. This scenario is completely different than the more
traditional large-scale dynamo approach, in the sense that the small-
scale dynamo acts very quickly at amplifying the field up to the turbu-
lent injection scale. The new ingredient is here the fact that feedback
processes at high redshift are probably energetic enough, so that this
injection scale is the size of the entire galaxy (more precisely the halo
scale radius rs). We therefore have a small-scale dynamo, together
with a large-scale forcing, hence enabling the fast amplification of the
field all the way up to the scale of the entire galaxy.
We have also shown, using simple numerical experiments with sup-
pressed feedback, that the field can evolve into a large-scale toroidal,
quadrupole field in a low-redshift quiescent state, although it has
been amplified by a small-scale dynamo. Compared to the large-scale
dynamo picture, for which the field is amplified in a thin disk over sev-
eral Gyr, the small-scale dynamo picture completely reverses the point
of view, with a very strong field already in place at high redshift (after
a feedback-dominated epoch) that slowly evolves until the present
epoch. This large-scale field could even slowly decay, on resistive
time scales, and still be large enough to account for the observed field
strength in nearby galaxies. In this new picture, large-scale dynamos
are not required anymore to amplify the field from its primordial
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value around 10−20G to µG levels. Instead, they are needed to main-
tain the field at a roughly constant level by compensating dissipative
losses.
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3 Small-scale dynamo saturation
We have seen in Chapter 2 how the small-scale dynamo can efficiently
amplify even weak magnetic seed fields on very fast timescales. In
this chapter1, we will investigate what happens as the magnetic field
strength approaches equipartition and the dynamo saturates.
Performing high-resolution adaptive mesh magnetohydrodynamic
simulations of a small mass, isolated cooling halo with an initial
magnetic seed field strength well below equipartition, we follow the
small-scale dynamo amplification from supernova-induced turbu-
lence up to saturation of the field. We find that saturation occurs
when the average magnetic pressure reaches only 3% of the turbulent
pressure. The magnetic energy growth transitions from exponential to
linear, and finally comes to halt. The saturation level increases slightly
with grid resolution. These results are in good agreement with the-
oretical predictions for magnetic Prandtl numbers of order Prm ∼ 1
and turbulent Mach numbers of order M ∼ 10. When we suppress
supernova feedback after our simulation has reached saturation, we
find that turbulence decays and that the gas falls back onto a thin disk
with the magnetic field in local equipartition in most of the dense gas
arms.
We propose a scenario in which galactic magnetic fields are ampli-
fied from weak seed fields in the early stages of the Universe to sub-
equipartition fields, owing to the turbulent environment of feedback-
dominated galaxies at high redshift, and are evolved further in a later
stage up to equipartition, as galaxies transformed into more quiescent,
large spiral disks.
1The work presented in this chapter has been published in the Monthly Notices of
the Royal Astronomical Society, Volume 471, Issue 3 under the title ‘A small-scale
dynamo in feedback-dominated galaxies - II. The saturation phase and the final
magnetic configuration’ following peer-review (Rieder and Teyssier, 2017a). It was
also presented at the European Week of Astronomy and Space Science organised by
the European Astronomical Society in Athens, Greece, on 4th July 2016.
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3.1 Introduction
Measurements of Faraday rotation in the Milky Way (Taylor et al.,
2009), in nearby galaxies (Beck, 2016) as well as in high-redshift galax-
ies (Bernet et al., 2008) reveal strong magnetic fields, usually close
to equipartition with the turbulent energy density. Robishaw et al.
(2008) have detected field strengths up to 18 mG in starburst galaxies
but ordered galactic magnetic fields in the ISM of normal spiral galax-
ies are typically of the order of several µG. Their field lines mostly
exhibit a spiral structure if the galaxy is itself a grand design spiral
galaxy (Beck and Wielebinski, 2013) but, interestingly, this can also
be the case for ring galaxies like NGC 4736 (Chyz˙y and Buta, 2008),
flocculent galaxies like NGC 4414 without clear spiral arms (Soida
et al., 2002) or in the central regions of galaxies. Strong ordered fields
are found at the edges of optical arms with dense cold molecular gas
in M 51 (Patrikeev et al., 2006) but can also form their own magnetic
arms not coinciding with the gaseous or the optical spiral arms like
in NGC 6946 (Beck, 2007). In a set of aggregated data on 20 spiral
galaxies from the literature, Van Eck et al. (2015) report pitch angles
ranging between −8 ◦ and −48 ◦ with a mean value of −25 ◦ and find
a correlation between the spiral arm pitch angles and the magnetic
pitch angles.
The origin of magnetic fields in the Universe might be primordial
(Durrer and Neronov, 2013) or due to microphysical processes at
later epochs, such as the Biermann battery (Biermann, 1950) in shock
fronts (Kulsrud et al., 1997) or ionization fronts (Gnedin et al., 2000),
spontaneous fluctuations (Schlickeiser, 2012) or fluctuations due to
the Weibel instability (Lazar et al., 2009) in the plasma of protogalaxies,
or even magnetic fields released into the ISM by stars through stellar
winds or supernova outbursts (Bisnovatyi-Kogan et al., 1973) or even
by AGN jets (Rees, 2005) and subsequently diluted.
Microphysical mechanisms (such as the Biermann battery) are cap-
able of creating magnetic fields of the order of 10−20 G, while the
constraints on the primordial field are less definite because the dif-
ference between lower and upper limits remains vast. Upper limits
can be derived from Big Bang Nucleosynthesis (BBN) abundances
and from the large-scale density structure or the Cosmic Microwave
Background (CMB). Planck Collaboration et al. (2016a) currently set
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the upper limit of the primordial magnetic field (PMF) field strength
to 10−9 G in the comoving frame based on their CMB anisotropy meas-
urements. γ-ray observations of blazar spectra give lower limits for
the field strength ranging from 10−18 G up to 10−15 G (Neronov and
Vovk, 2010, Dermer et al., 2011, Vovk et al., 2012), based on the rem-
nants of the PMF that are believed to thread the intergalactic medium.
This leaves us to explain many orders of magnitude magnetic field
amplification in a timeframe of just a few Gyr.
Large-scale dynamos (LSD) are a viable mechanism to amplify
magnetic fields coherently on (as the name suggests) large spatial
scales. Theoretical models for galactic LSD exhibit exponential growth
rates of the order of Γ ' 0.01− 0.1Ω (Pariev et al., 2007), where Ω is
the galactic angular rotation rate. This translates into an e-folding
time scale of roughly 1 Gyr in a typical present-day spiral, making
it virtually impossible to amplify the field as fast as required by the
observations. Parker (1992) proposed also a cosmic-ray-driven LSD,
that was simulated for the first time by Hanasz et al. (2004), who
found a larger growth rate of Γ ' Ω.
Small-scale dynamos (SSD) on the other hand, can have very fast
magnetic field amplification, with timescales of the order of the eddy
turnover times of the smallest turbulent eddies (Brandenburg et al.,
2012). The theoretical foundation of this dynamo theory is commonly
attributed to Kazantsev (1968). Kulsrud and Anderson (1992) con-
sidered the Kolmogorov power spectrum of small-scale velocity fluc-
tuations for the galactic dynamo and found that the magnetic energy
spectrum scales with the wavenumber as k3/2 on scales larger than
the resistive scale. Schober et al. (2015) presented a theoretical analysis
of the SSD, in the limits of both small and large magnetic Prandtl num-
bers, finding that its growth rate scales with respectively the magnetic
or kinetic Reynolds number. They also evaluated the ratio of magnetic
to turbulent energy after saturation, finding values between 0.1% and
50%, depending on the model of turbulence, on the value of PrM and
on the value of the Mach number. Their results are confirmed by
previous numerical investigations on the turbulence-driven dynamo
such as Federrath et al. (2011, 2014) or Tricco et al. (2016), who also
reported that the saturation level is slightly increasing with resolu-
tion. The main issue with the SSD mechanism is, however, that it
creates strong fluctuating fields, for which the large scale component
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is subdominant, and generally does not reach equipartition. These
two properties are in contradiction with observational data of nearby
galaxies (Beck, 2015). On the other hand, it is plausible that the mag-
netic fields we observe in galaxies are not the result of just one single
process, but probably a combination of various mechanisms, such as
the two dynamos theory (Squire and Bhattacharjee, 2015) or various
reconnection processes during the hierarchical assembly of galaxies.
The importance of feedback processes has been recognised increas-
ingly over the past decade in galaxy formation theory (Scannapieco
et al., 2012), along with the influence of associated galactic winds
(Oppenheimer and Davé, 2006) and the dominant cold stream accre-
tion mechanism (Kereš et al., 2005, Ocvirk et al., 2008, Dekel et al.,
2009). Observations suggest that galactic winds are ubiquitous in star
bursting local galaxies (Martin, 1999), as well as many “normal” high
redshift galaxies (Steidel et al., 2010). Abundance matching between
dark matter haloes and observed central galaxies (Behroozi et al., 2013,
Moster et al., 2013) suggests considerably stronger feedback processes
than previously considered for early galaxies to regulate star forma-
tion through cosmic evolution, especially at high redshift, to maintain
such a low star formation efficiency (Agertz et al., 2013, Hopkins
et al., 2014, Roškar et al., 2014, Wang et al., 2015). Interestingly, Kim
et al. (2016) found a correlation between strong magnetic field signa-
tures in the Faraday Depth spectrum and strong Mg II absorption,
which is associated with superwinds from starbursting galaxies (Bond
et al., 2001), suggesting a link between strong outflows and a high
magnetisation of the intergalactic medium.
In this rather violent, feedback-dominated scenario, dwarf galaxies
play a very important role. They are the dominant galaxy population
at high redshift, probably responsible for the cosmic re-ionisation
(Kimm and Cen, 2014). They are also the progenitors of the Milky
Way satellites, which are useful laboratories to test our current galaxy
formation paradigm. For the latter, violent feedback mechanisms have
also been invoked to explain the absence of cusp in the dark matter
density profile, and the presence of a dark matter core in low surface
brightness galaxies (de Blok et al., 2001). Cosmological simulations
of dwarf galaxies have been performed with strong feedback recipes,
confirming in this case the formation of a dark matter core (Governato
et al., 2010, 2012, Teyssier et al., 2013).
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In galaxies, the velocity field on both small and large scales resulting
from repeated giant feedback events can have a direct influence on the
growth of the magnetic energy. Indeed, supernovae explosions in the
Milky Way have been considered for quite a long time as a source of
helical gas motions, promoting a large-scale α-dynamo in the Galaxy
(Ferriere, 1992). The Milky Way is a rather quiescent galaxy with mod-
erate supernova activity but might have undergone different phases
in its lifetime. We therefore want to study in this work the small-scale
dynamo-induced growth of magnetic fields in dwarf galaxies under
the influence of strong feedback, how it reaches saturation and how
the magnetic field could evolve when feedback becomes weaker. In
the first step, we are considering a feedback-dominated galaxy, with a
high star formation rate and violent turbulent motions, together with
large-scale galactic fountains or winds. As the magnetic field grows
until the small-scale dynamo is saturated, this feedback is turned off
in the second step to see how it evolves in a less turbulent, quiescent
phase.
In recent years, several simulations of the magnetic fields evolu-
tion have been performed in the context of galaxy formation (Wang
and Abel, 2009, Dubois and Teyssier, 2010), These early studies were
based on the “cooling halo” numerical set-up, and have achieved only
moderate magnetic field amplification. An important shortcoming
in these simulations was the absence of feedback (Wang and Abel,
2009), or the relative weakness of the feedback recipe used at that
time (Dubois and Teyssier, 2010). Beck et al. (2012) performed a sim-
ulation using a new developed MHD version of the GADGET code
GADGET, using a divergence cleaning technique, and they observed
a fast exponential growth of the magnetic field, which they attributed
to a small-scale dynamo. Surprisingly, they did not include any ex-
plicit source of turbulence resulting in a relatively smooth flow, but
reported nevertheless a very large growth rate.
More recently, Pakmor and Springel (2013) also observed strong
magnetic field amplification using the MHD version of the AREPO
code (Pakmor et al., 2011), although also in this case, stellar feedback
effects were not introduced explicitly, and the smoothness of their
effectively 2D rotating flow would make dynamo amplification no-
toriously difficult to obtain. The same code was used very recently
for cosmological zoom-in simulations of Milky Way-like disk galaxies
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in Pakmor et al. (2017), this time including a more realistic treatment
of stellar feedback, resulting in strong turbulence driving. As a con-
sequence, a fast magnetic energy amplification was observed at high
redshift, attributed to the SSD, followed by a slower amplification at
lower redshift, attributed to the LSD.
In Chapter 2, simulating a dwarf galaxy at high resolution, we
found strong evidence for a small-scale dynamo operating in galaxies
with feedback-driven turbulence, with e-folding timescales of up to
100 Myr. A similar approach was used in Butsky et al. (2017) for a
Milky Way galaxy where the magnetic field was seeded by supernova
ejections. Another interesting study was conducted recently by Dobbs
et al. (2016) who impose a spiral potential in their simulations of an
isolated disk and found magnetic field reversals.
In this chapter, we follow up on Chapter 2, using again the isolated
cooling halo setup, with strong stellar feedback to investigate the
mechanism of magnetic field amplification through the SSD. We use
the Adaptive Mesh Refinement code RAMSES (Teyssier, 2002), adopt-
ing the “Constrained Transport”, strictly divergence-free-preserving,
MHD solver presented in Teyssier et al. (2006) and in Fromang et al.
(2006). We focus here our analysis of the saturation properties of the
SSD in the galaxy formation context. This chapter is organised as
follows: In Section 3.2, we present our numerical methods in terms
of galaxy formation physics and magnetic fields evolution, as well
as the intricacies of modelling realistic turbulent flows in numerical
simulations. In Section 3.3, we describe our initial conditions for the
isolated, magnetised cooling dwarf halo. In Section 3.4, we present
our main results on dynamo saturation and study the impact of resol-
ution and stellar feedback. In Section 3.5, we discuss our results in the
context of current galactic dynamo theories. Finally, in Section 3.6, we
discuss the implications of our work for our understanding of cosmic
magnetism.
3.2 Numerical methods
We use the Adaptive Mesh Refinement (AMR) code RAMSES
(Teyssier, 2002) to simulate the formation and evolution of an isol-
ated dwarf galaxy. It is modelled as a magnetised ideal plasma,
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coupled through gravity to a collisionless fluid made of dark matter
and stars, with additional numerical schemes to account for physical
sub-resolution processes such as gas cooling, star formation and su-
pernova feedback. In this section, we outline the numerical methods
used in this work to model self-gravitating supersonic turbulence
driven by stellar feedback.
3.2.1 Ideal MHD with Gravity
We solve the ideal MHD equations which are written here without
gravity and cooling source terms for the sake of simplicity:
∂tρ+∇ · (ρu) = 0 (3.1)
∂t(ρu) +∇ · (ρuuT −BBT + Ptot) = 0 (3.2)
∂tE +∇ · [(E + Ptot)u− (u ·B)B] = 0 (3.3)
∂tB−∇× (u×B) = 0 (3.4)
where ρ is the gas density, ρu is the momentum, B is the magnetic
field, E = 12ρu
2 + ρε + 12B
2 is the total energy, and ε is the specific
internal energy. The total pressure is given by Ptot = P + 12B
2 where
we assume a perfect gas equation of state P = (γ − 1)ρε. This sys-
tem of conservation laws is furthermore completed by the solenoidal
constraint
∇ ·B = 0. (3.5)
RAMSES uses a hybrid approach with gas variables stored on a
tree-based adaptively refined mesh, while dark matter and stars are
tracked by collissionless particles. The equations above are solved us-
ing the second-order unsplit Godunov scheme based on the MUSCL-
Hancock method with the HLLD Riemann solver and MinMod slope
limiter. The induction equation (Equation 3.4) is solved with the Con-
strained Transport (CT) method (Teyssier et al., 2006), which preserves
the divergence of the magnetic field ∇ · B = 0 from the initial con-
ditions, and MonCen sloper limiter. We use free-outflow boundary
conditions with imposed zero-gradient at the simulation box bound-
aries for the gas variables and the perpendicular magnetic field.
To treat physical processes that are well below the resolution limit
but nevertheless important in the theory of galaxy formation, we
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include several effects such as gas cooling, star formation and super-
nova feedback. Gas cooling is implemented using a standard H and
He cooling function, with an additional metal cooling component, as
in Sutherland and Dopita (1993) for temperatures above 104 K, and
fine-structure cooling of [CI] and [OII] below 104 K, based on Rosen
et al. (1995). Cooling stops at a minimum pressure floor in order to
ensure the Truelove criterion (Truelove et al., 1997) and always resolve
the Jeans length by at least 4 grid cells. We create star particles as a
random Poisson process compliant with a Schmidt law as in Rasera
and Teyssier (2006). The effect of supernovae is modelled by releas-
ing non-thermal energy into the ISM over a dissipation time scale of
20 Myr (Teyssier et al., 2013). We refer to Chapter 2 for a more detailed
account.
3.2.2 Turbulence
Modelling turbulence properly is central to our goal of simulating
the small-scale dynamo. Two key quantities in this context are the
Reynolds number, which is the ratio of inertial vs. viscous forces
Re =
uL
ν
(3.6)
where ν is the kinematic viscosity and u and L are the typical velocity
and length scale of the problem, and its counterpart for the magnetic
field, the magnetic Reynolds number as the ratio of induction vs.
diffusion
ReM =
uL
η
(3.7)
where η is the magnetic diffusitivity. Additionally, it is useful to define
the magnetic Prandtl number
PrM =
ReM
Re
=
ν
η
(3.8)
as the ratio of those two quantities and thus as the ratio of kinematic
viscous and magnetic diffusivity. Our simulations do not account
for microscopic diffusion processes, as we aim at solving the ideal
MHD equations, but the stability of the numerical solution and its
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convergence towards the weak solution of the underlying model
equations are both enforced by the numerical diffusion inherent to the
Godunov scheme. Due to our limited spatial resolution of ∆x ' 10 pc,
the numerical effective viscosity and magnetic diffusivity coefficients
are both much greater than the typical physical values for the typical
ISM.
RAMSES has been tested to successfully reproduce idealised fast
dynamo flows (Teyssier et al., 2006) such as the ABC flow (Galloway
and Frisch, 1986, Childress and Gilbert, 2008) or the Ponomarenko
dynamo (Ponomarenko, 1973). The numerical magnetic Reynolds
number was shown to be proportional to the inverse square of the
number of grid points, which is to be expected with second-order
schemes and rather smooth solutions. However, in the context of a
highly complex flow such our turbulent galaxy, where kinematics is
dominated by rotation and supernova explosions inside a deep gravit-
ational potential, it becomes virtually impossible to exactly determine
neither viscosity nor diffusion due to the numerical scheme. This is
even further complicated by the adaptively refined mesh. Qualitat-
ively, it is sufficient to know that viscous effects as well as magnetic
reconnection and diffusion caused by the numerical scheme happen
at a length scale which is close to the mesh size, which is mainly
the cell size at the maximal refinement level. We also point out that
numerical viscosity and numerical diffusion are approximately equal
due to their identical numerical origin, so that the effective magnetic
Prandtl number PrM ' 1 (cf. Teyssier, 2015, for more discussion).
3.3 Initial conditions
As in Chapter 2, we simulate an isolated dark matter halo with gas
cooling and a small initial rotation. In our previous work, we have
conducted a study on varying initial conditions with different halo
sizes and initial magnetic field topologies and we found no significant
impact on the nature of the dynamo itself. If the feedback mechanism
is strong enough to stir strong turbulence in the disk and launch a
large scale galactic wind, the magnetic field lines quickly become
mangled, so that their initial topology and symmetry are lost and
the flow develop a strong characteristic random, quasi isotropic and
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Table 3.1: Parameters of initial halo set-up and additional physics
mechanisms
parameter value unit
R200 50 kpc
V200 35 km/s
M200 14 109M
c 10
λ 0.04
fgas 15 %
T∗ 100 K
∗ 1 %
ηSN 10 %
Zini 0.05 Z
metal yield 10 %
Bmax 0.35 nG
sim. box length 300 kpc
mostly small-scale component. We are now especially interested in
the final phase of the dynamo mechanism, when the magnetic energy
growth reaches saturation.
The initial dark matter and baryonic matter densities follow the
NFW profile (Navarro et al., 1997) with concentration parameter c =
10 and spin parameter λ = 0.04 as in Teyssier et al. (2013). Dark matter
is sampled by 106 particles and set to be in equilibrium with the gas
by the density-potential pair approach of Kazantzidis et al. (2004) and
Read et al. (2006). The temperature profile is also initialised to be
in hydrostatic equilibrium. The numerical values of the parameters
specific to this set-up are given in Table 3.1. In order to study the
effect of numerical resolution on the dynamo saturation properties,
we increase the resolution in a second simulation run. The resolution
parameters for the two runs are given in Table 3.2.
In Chapter 2, we have studied the dynamo only in the kinematic
phase, choosing an arbitrarily small value for the initial magnetic
energy. Now we want to see what happens when the magnetic field
becomes strong enough to become dynamically important. We have
therefore to increase the initial magnetic field strength, but keeping
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Table 3.2: Size of smallest grid cells and mass resolutions
resolution lmax ∆x mres m∗ n∗
[pc] [M] [M] [H/cc]
low 14 18 1523 2108 14
high 15 9 190 264 112
it small enough for the dynamo to operate in the kinematic phase
for some time (so that the initial magnetic energy is several orders
of magnitude smaller than equipartition), but not too small for the
dynamo to saturate in a reasonable amount of time.
Initialising the magnetic field on an adaptively refined grid is a
non-trivial task. In order to satisfy the zero-divergence constraint
(Equation 3.5), it would be tempting to simply set the initial field to a
constant, as
B0 =
 00
B0
 (3.9)
throughout the whole simulation box (see e.g. Wang and Abel, 2009,
Pakmor and Springel, 2013). However, this approach can lead to some
numerical problems, as the Alvén wave speed
vA =
B√
4piρ
(3.10)
becomes very large at the simulation box boundary, where the dens-
ity falls off by many orders of magnitude, and the magnetic energy
accreted at late time will be much larger, comparatively to the gas
internal or gravitational energy, than the magnetic energy accreted
at early time. A constant magnetic field would also not be realistic,
since a frozen-in magnetic field following the collapse of the hot gas
in hydrostatic equilibrium into a dark matter halo should scale as
|B| ∝ ρ2/3.
Combined with the aforementioned solenoidality constraint, this
requires a more complex field topology. For this purpose, as in
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Chapter 2, we define the vector potential
A0 = B0
[
ρ(r, z)
ρ0
]2/3
reφ (3.11)
where ρ(r, z) is the initial gas density given by the NFW profile and
eφ is the unit vector along the toroidal direction. The initial magnetic
field is then set as the curl
B0 = ∇×A0, (3.12)
so that it has exactly zero divergence by design. The corresponding
magnetic field has a vertical component which is symmetric with
respect to the mid plane, while its radial component is antisymmetric
so that its shape resembles that of a dipole.
3.4 Results
The gas, though initialised in hydrostatic equilibrium, immediately
starts to cool radiatively and loses thermal energy. The spherical
structure collapses onto a rotationally supported disk in only a few
Myr. This causes the gas disk to fragment into clumps denser than
the star formation threshold and the first stars form. Their supernova
explosions drive outflows that reach out several kpc above and below
the galactic midplane and quickly, a self-regulated galactic fountain is
established, where dissipative processes such as cooling and shocks
balance off kinetic energy injection through supernovae explosions.
The resulting kinematic properties are in very good agreement with
those of observed nearby isolated dwarf galaxies (Teyssier et al., 2013).
This galactic fountain turns the whole galaxy into a giant “washing
machine” that maintain a very high level of turbulence, injected on
very large scales, namely the scale of the entire galaxy. Line-of-sight
projections of density, velocity and temperature are plotted in Fig-
ure 3.1. The small-scale structure with clumps and filaments is clearly
visible. Hot bubbles resulting from SN explosions, with temperature
between 105 and 106 K, rise until the gas can cool down and falls back
to the midplane, so that instead of ordered rotation, we see a highly
turbulent velocity field configuration.
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Figure 3.3: Magnetic energy evolution in linear scale (top row) and logar-
ithmic scale (bottom row) for ∆x = 18 pc (low resolution) and ∆x = 9 pc
(high resolution). The high resolution run was run until 3 Gyr due to
computational resource constraints.
Since the gas is not isothermal, the flow Mach numberM = v/cs,
where v is the local gas velocity and cs is the local sound speed, is a
non-trivial parameter to determine. Nevertheless, we would like to
make a good estimate of the typical Mach number in our flow. We
plot in Figure 3.2 a mass-weighted histogram of the Mach number for
every cell. We find that the flow is highly supersonic, with most of
the gas mass at the Mach number in the range ofM≈ 6− 7.
3.4.1 Saturation of the small-scale dynamo
As demonstrated in Chapter 2, the strong turbulence injected on large
scale by the galactic fountain triggers a small-scale dynamo that amp-
lifies the magnetic field exponentially fast. The time evolution of the
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Figure 3.4: Time evolution of thermal, turbulent and magnetic plasma pres-
sure components in central 3 kpc cube for the feedback run (solid) and the
subsequent evolution when supernova feedback is suspended (dashed).
total magnetic energy inside the whole simulation box is given in
Figure 3.3, using both a linear and a logarithmic scale. The initial
simulation phase is characterised by an exponential growth, typical
of a fast dynamo in the kinematic regime, for which the field strength
is too weak to have an effect on the flow. We measured a best-fit
exponential growth rate of Γ ' 3.3 Gyr−1. This exponential ampli-
fication continues until the magnetic field becomes strong enough
for the Lorentz force to back-react on the velocity field: the dynamo
enters its non-linear phase. At that point, which is after tnl ' 2.3 Gyr,
the growth rate of magnetic energy becomes weaker and transitions
into the onset of the saturation phase, where the growth is now linear
in time, and not exponential anymore. Eventually, the field strength
becomes so high that the dynamo saturates completely and the field
amplification stops, in our simulation after a time of tsat ' 3.8 Gyr.
In order to study the saturation level of the magnetic field, it is essen-
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tial to measure the kinetic energy density of the turbulence. Defining
and computing the turbulent energy in a realistic galactic environment
is however not as easy as in periodic boxes with forced or decaying
turbulence. In our case, gas motions are dominated by the ordered
galaxy rotation and quasi-random supernova explosions, both con-
fined inside the stratified gravitational potential of the combined disk
and dark halo system.
As a proxy for turbulent energy, we use here the kinetic energy
density of the velocity component perpendicular to the disk
Pturb ∼ 1
2
ρu2z (3.13)
since it is not affected by galactic rotation. The time evolution of the
thermal, turbulent and magnetic energies, averaged in a cube of 3 kpc
in the centre of the galaxy, is shown in Figure 3.4. One can see that
thermal and turbulent pressures are of the same order of magnitude,
at approximately 10−12 erg/cc during the entire simulation. The mag-
netic pressure, on the other hand, defined as Pmag = 18piB
2, increases
first exponentially, and then, at the onset of the non-linear dynamo
phase, reaches only one per mil of the turbulent energy, corresponding
also to a plasma β = Ptherm/Pmag ' 700. At the end of the simulation,
when the dynamo is fully saturated, the average magnetic energy
reaches a strength of 10−14 erg/cc, which is 2.5% of the turbulent
pressure, corresponding also to β ' 40.
Figure 3.5 shows volume-averaged line-of-sight projected maps
of the different pressure components. One can clearly see that both
thermal and turbulent pressure are relatively diffused and homogen-
eous, with only a few hot bubbles associated to supernova explosions
appearing as distinctive features. The magnetic pressure map, on the
other hand, is much more structured, with some striking filamentary
features, resulting from a complex dynamo process. The magnetic
pressure inside these filaments exceeds 10−12 barye, corresponding to
a field strength B > 1µG.
We additionally plot the ratio of the magnetic to turbulent energy in
Figure 3.6 (left panel) to evaluate to strength of the field at saturation.
Although the magnetic energy (or pressure) averaged over some
volume is always (sometimes significantly) below equipartition (even
after the saturation, as shown in Figure 3.4), we can now see that the
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Figure 3.6: Ratio of magnetic to turbulent pressure maps with feedback at
time t = 3.8 Gyr (left) and after feedback was switched off at the simulation
time t = 5.6 Gyr (right), looking face-on (top row) and edge-on (bottom
row). Each panel covers 10 kpc, where every tick marks a distance of 2 kpc.
94 SMALL-SCALE DYNAMO SATURATION
field has actually reached equipartition in localised regions, usually
associated with these strongly magnetised filaments.
We plot in Figure 3.7 the spectra of the magnetic and kinetic en-
ergy inside the galaxy. The kinetic energy spectrum stays roughly
constant over time and exhibits a characteristic power-law behaviour
Ekin ∝ kα with a best fit for α = −1.8, which is between the theoret-
ical values of α = −5/3 for incompressible Kolmogorov turbulence
and α = −2 for highly compressible, shock-dominated Burgers turbu-
lence. The magnetic energy spectrum develops also the characteristic
shape predicted by Kazantsev’s theory, with a power law on larger
scales with index 1.5, bottlenecked at small scales because of magnetic
diffusion. During the kinematic phase, the magnetic energy power
spectrum peaks at a length scale `peak ' 500 pc, and progressively
shifts to larger scales until it reaches saturation, with a final peak
length scale of `peak ' 1 kpc. This rather large spatial scale is a fun-
damental prediction of our theoretical calculations, and is justified
by the very large spatial scale (around 10 kpc or more) at which the
galactic fountains injects turbulent energy into the magnetic dynamo.
Interestingly, our saturated dynamo being strongly coupled to a
large scale galactic fountain, we are in a position to provide strong
observational predictions on the strength of the magnetic field around
high-redshift galaxies. Indeed, magnetic fields in the circumgalactic
medium can be detected by the Faraday rotation of polarised emission
from background sources, with impact parameters as large as the virial
radius of the parent halo (Bernet et al., 2008). We plot in Figure 3.8
the radial profiles of the mean gas density, the gas metallicity and
the magnetic field strength averaged in spherical shells around the
galaxy out to the virial radius at 30 kpc. We can see that the galactic
fountain is polluting the IGM around the galaxy, with a metallicity
of Z ≈ 0.2Z and the magnetic field strength declining from µG to a
tenth of a nG, and the gas density from 1 H/cc to ∼ 10−4 H/cc.
3.4.2 Effect of Resolution
The small-scale dynamo growth rate increases with the effective Reyn-
olds number, which in our case is set by the numerical diffusion of our
Godunov scheme. In order to study this numerical effect, we increase
the resolution by one level to reduce both magnetic diffusion and
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Figure 3.7: Spectra of kinetic and magnetic energies in central 5123 cube box
at grid resolution, resulting in cube size of 9.4 kpc. The normalization factor
E0 is the initial magnetic energy integrated over the whole spectrum.
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kinematic viscosity, so that both effective Reynolds numbers (mag-
netic and kinematic) become larger. Due to limited computational
resources, we could only run this simulation for 3 Gyr. However,
since the dynamo operates more than twice as fast at this increased
resolution, it reached saturation before the lower resolution run.
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Figure 3.9: Comparison of the spectra at saturation in the low-resolution run
to the kinetic and magnetic energy spectra in the high-resolution run with
10243 points.
The magnetic energy evolution for this high-resolution run is plot-
ted alongside the low resolution evolution in Figure 3.3. The beha-
viour is qualitatively the same for both. However, the growth rate in
the kinematic phase is larger with Γ ' 9.4 Gyr−1 in the high resolu-
tion case. Consequently, the onset of the non-linear dynamo phase
happens earlier. The overall magnetic energy level at saturation is
slightly higher than in the low-resolution run, so that the magnetic
field saturates at 5% of turbulent energy density, corresponding also
to a final plasma β ' 20.
We plot in Figure 3.9 the kinetic and magnetic energy spectra from
the last snapshot of the high resolution run, compared to the same
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spectra at saturation for the low resolution run. The high-resolution
kinetic spectrum has the same turbulent slope as the low-resolution
one, with however a slightly higher amplitude, owing to the slightly
more efficient star formation efficiency and associated supernovae
feedback. The magnetic spectra for the high resolution run also agrees
well with the low resolution one at large scale, with however slightly
more power on small scales, due to the decrease of the effective dis-
sipation length. This results in a slight shift of the peak scale from
`peak = 1 kpc to `peak = 0.7 kpc.
3.4.3 Transition to Quiescence
We have seen in the previous section that in the active, early phase of
its life, dominated by stellar feedback, a galaxy with a fully developed
turbulent fountain can power a small-scale dynamo that efficiently
amplifies an initially weal seed magnetic fields to saturation. Natur-
ally, one might wonder what would happen to this sub-equipartition
field, if feedback becomes weaker. Indeed, present-day galaxies like
the Milky Way have thin and quiescent disks, with a modest level of
turbulence and a small kinetic energy injection scale around 100 pc,
traditionally associated to the thickness of the gas disk or to local
supernova super-bubbles (Ferriere, 1992). For that purpose, we re-
run the simulation from our snapshot at 4 Gyr but with supernova
feedback turned off and let it evolve for a couple of Gyr.
In Figure 3.10, we show images of our galaxy at time 5.6 Gyr, 1.6 Gyr
after feedback has been switched off. Without feedback to drive the
turbulence anymore, the galaxy has entered a quiescent phase where
the gas has cooled down and collapsed into a thin, although clumpy,
rotationally supported disk, with a clear spiral structure. The velocity
field is dominated by a strong rotational component, anti-clockwise
in this image, which means that the spirals are trailing.
The evolution of the thermal, turbulent and magnetic pressure
components is shown with dashed lines in Figure 3.4. The average
magnetic energy density decreases only slightly when the disk enters
this new phase and remains at a level of 10−14 erg/cc. At the same
time, we can see a clear drop in thermal energy density and, less
pronounced, in the turbulent component. The latter, however, since
we use the vertical gas velocity component as a proxy for turbulence,
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is still contaminated by a vertically collapsing flow.
To characterise the magnetic field strength in our thin disk galaxy
even further, we compare the magnetic pressure to the gas thermal
and turbulent energy densities side-by-side, by plotting line-of-sight
projections of all three pressure components in Figure 3.11. The con-
tamination of our turbulent energy proxy by the vertical collapse is
clearly visible from the in-falling gas above the disk. While all three
components have significantly decayed inside the galactic corona (ex-
cept for the vertical component of the velocity field), they all remain
strong inside the disk. Notably, the energy density of the magnetic
field is now in equipartition with the other two energies inside the
galactic arms, exceeding 10−12 barye, which amounts to field strengths
greater or around 1µG. We have also plotted the ratio of the mag-
netic to turbulent pressure in the quiescent case in the right panel
of Figure 3.6. The ratio reaches unity inside the arms, meaning that
the magnetic field is in fact locally in equipartition with turbulence
and thermal pressure in the dense galactic arms of our thin disk. The
increase of this ratio is caused by a decrease of the turbulent energy
density.
In order to characterise the magnetic field topology, we plot in the
top panel of Figure 3.12 the toroidal, radial and vertical components of
the field, as a function of the disk height, averaged within cylindrical
shells of different sizes, parallel to the disk plane. On can see that after
the collapse of the fountain into a thin disk, the vertical component of
the field cancelled almost entirely, leaving only a dominant toroidal
component, with a clear even-symmetry with respect to the disc plane,
and a very weak average radial component. We argue here that
this quadrupole symmetry is a natural consequence of a random
magnetic field collapsing into the midplane, with a cancellation of
odd-symmetric modes and a strengthening of even-symmetric ones
during the formation of the thin disk. On the other hand, one also
clearly sees sign reversals in the average toroidal component, so that
its average over the entire disk remains very small.
In Figure 3.13, we plot the three magnetic field components as
a function of radius, averaged over very thin cylindrical shells of
thickness H = 40 pc. Inside the innermost region up to 1 kpc, the
magnetic field is dominated by the toroidal field component with field
strengths up to 1µG. One can also see in the radial profile significant
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Figure 3.12: Average toroidal, radial and vertical magnetic field components
as a function of the height relative to the mid-plane of the quiescent disk in
cylindrical shells of different sizes.
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Figure 3.13: Averaged profiles of magnetic field (top panel) and its standard
deviation (middle panel) for the toroidal, radial and vertical field compon-
ents along the radius in cylindrical shells around the quiescent galaxy. The
standard deviation is also plotted in logarithmic scale (bottom panel) to
illustrate the difference in strength of each component.
sign reversals of the toroidal component. These sign reversals are
a clear relic of the small scale dynamo in the feedback-dominated
corona prior to the collapse, and are also tightly connected to the
spiral pattern. In the lower panel of Figure 3.13, we show the standard
deviation of the three field components, averaged within the same
small cylinders. This quantity is a measure of the field strength at
small scale, and reaches 1 µG for the toroidal component, roughly
in equipartition with the mean field. The standard deviation for
the vertical component is almost zero, while the small scale radial
component has a field strength around 0.3-0.4 µG.
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To quantify and illustrate the relative strength of the radial and
toroidal components better, we show the magnetic field line directions
B⊥ perpendicular to the line of sight in a face-on view of the average
magnetic field in Figure 3.14, together with a histogram of the pitch
angle
pB = arctan
Br
Bt
. (3.14)
which is a common observable when measuring galactic magnetic
fields. The magnetic field is strongest inside the trailing main arms
which also coincide with the dense gas arms. Its field lines are gener-
ally aligned with the arm structure in the arms and otherwise mostly
pointing along the toroidal direction (sometimes parallel, sometimes
anti-parallel). We find that the pitch angles are symmetrically distrib-
uted around a mean pitch angle of 〈pB〉 = −12.4 ◦ with a standard
deviation of σ(pB) = 35.1 ◦. Note that these negative pitch angles are a
clear indicator of magnetic field alignment with the spiral structure of
a trailing spiral galaxy and change sign because of the field reversals.
3.5 Discussion
We have set up magnetohydrodynamical simulations of an isolated
cooling dwarf halo which hosts a galaxy with strong turbulence driven
by supernova feedback. The gas component features high Mach
number flows with up to M ≈ 10 and a kinetic energy spectrum with
a characteristic slope between incompressible Kolmogorov and highly
compressible shock-driven Burgers turbulence. Just as in Chapter 2,
the magnetic seed field is quickly amplified by a small-scale dynamo.
The magnetic energy spectrum has the typical bottlenecked 3/2-slope
on large scales which peaks near the resistive scale and falls off on
smaller scales as predicted by dynamo theory (Kulsrud and Anderson,
1992). The global magnetic field time evolution in our experiment can
be divided into three distinct phases:
1. exponential growth (kinematic phase)
2. constant growth (non-linear phase)
3. zero growth (saturation)
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Figure 3.14: Magnetic field line directions on top of a line-of-sight averaged
magnetic field map in a face-on view (top panel) and the count histogram of
pitch angles in above image (bottom panel). The red line marks the mean
pitch angle 〈pB〉 = −12.4 ◦ with a standard deviation of 35.1 ◦.
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During the exponential growth phase, the e-folding times are ∼
300 Myr with lower resolution and ∼ 100 Myr with higher resolu-
tion. Since the dynamo growth rate increases with the Reynolds
numbers of the flow, it could potentially become very large if we were
not constrained by our limited computational resources. Estimating
the Reynolds numbers in a simulation with numerical viscosity and
diffusivity can be very difficult when not using explicit terms in the
system of equations and when complicated flows are involved. As
a lower limit, we can take the numerical diffusion of a first-order
method which is given by
ReN = 2
L
∆x
(3.15)
with the typical length scale of the system L and the spatial resolution
∆x. This would give values for ReN = 100 in the lower resolution
case and 200 for the higher resolution in our simulations. Generally,
in this kind of simulations, both the kinematic as well as the magnetic
Reynolds number will range between a few 100 and 1000. We can
compare this to a typical ISM with an estimate for the ISM viscosity
(Spitzer, 1941)
Re =
√
3γM
L
λ
(3.16)
where λ is the mean free path of a hydrogen atom and M is the Mach
number. At a density of 1 H/cc and a Mach number of 5 the Reynolds
number will be Re =107. The magnetic Reynolds number computed
from the Spitzer resistivity formula at T = 104 K is even larger with
Rm =1021, yielding the magnetic Prandtl number Pm =1014. Schober
et al. (2015) derive a scaling for the small-scale dynamo growth rate
in the case of large Pm and supersonic turbulence as
Γ ∝ Re1/2 (3.17)
meaning that we can extrapolate the growth rate we measured in our
simulation to expected ISM Reynolds numbers obtaining the growth
rate with a realistic galactic small-scale dynamo of Γ = 1000 Gyr−1
and an e-folding time of just τ = 1 Myr respectively.
After this kinematic phase, the dynamo becomes non-linear where
we see that the exponential magnetic field growth slows down. The
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underlying reason is that, although the magnetic energy density is
still low, the Lorentz force term in the momentum equation
J×B = (B · ∇)B−∇ ·
(
1
2
B2
)
(3.18)
can still be strong enough for the magnetic field to backreact due to
the first term on the right-hand side, the magnetic tension force. It will
become strong enough to counterbalance the advection term u · ∇u
and suppress further growth on scales smaller than the stretching
scale (Schekochihin et al., 2004). The magnetic energy growth will
then be identical to the constant Kolmogorov energy flux.
At the time of saturation, the magnetic-to-turbulent pressure ratio
is between 2.6% in the lower resolution case and 5% for the higher
resolution. All of this is in agreement with the theoretical results of
Schober et al. (2015) who predict the same three-phase evolution and
give expected saturation levels. Although those numbers apply only
in the limiting cases of very small or very large magnetic Prandtl
numbers, they are still consistent with our result lying in between
due to Pm ∼ 1 from both Reynolds numbers being dominated by the
numerical scheme. The saturation values are also in agreement with
prior numerical studies, such as Federrath et al. (2011) who find 2%
with Pm = 2 and solenoidal forcing at Mach 10 and Federrath et al.
(2014) who find 3% for Pm = 2 and 5% for Pm = 5 (both at Mach 11).
The same holds for Tricco et al. (2016) who report saturation ratios
between 2% and 4% and also point out a trend of an increased ratio
in the case of higher resolutions. The agreement of our results with
the simulations mentioned above is remarkable considering that our
numerical setup differs considerably.
With the magnetic field amplified up to full saturation, albeit not
yet in equipartition, we have used that configuration to observe its
evolution into a quiescent disk by turning off supernova feedback,
thereby removing the main driver of turbulence. We find that with
the decay of turbulence, the gas cools down and falls onto a thin
clumpy disk with dense arms. Inside these arms, we observe the mag-
netic field to be locally at equipartition with turbulence and thermal
pressure, with field strengths of several µG. Field lines inside the
quiescent disk are aligned with the disk plane, with a strong toroidal
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component and slightly weaker radial component. These results are
consistent with observations of spiral galaxies which usually have
ordered magnetic field strengths of 5µG where the magnetic energy
density is at equipartition with the turbulent energy density (Beck,
2016). The toroidal as well as the radial components are symmetric
across the midplane, with an average pitch angle of 〈pB〉 = −12 ◦. This
symmetry confirms measurements of the Galactic magnetic field (Mao
et al., 2012) and pitch angle measurements of various nearby galaxies
(Van Eck et al., 2015). Furthermore, the magnetic field reversals along
the radial distance from the centre of the galaxy confirm observations
of nearby spiral galaxies (Beck, 2016) where such reversals are found,
usually attributed to their spiral structure.
3.6 Conclusions
We have performed numerical experiments with an idealised setup
of a dwarf galaxy to study the evolution of a galactic magnetic seed
field as small-scale dynamo amplification occurs due to turbulence
driven by feedback processes, such as supernova explosions. We have
shown that, with the formation and the death of the first massive
stars, the gas swiftly becomes turbulent and the initially weak seed
field grows exponentially. The e-folding time of this dynamo process
becomes shorter and shorter as the numerical resolution increases.
Since the Reynolds number in our simulations is several orders of
magnitude lower than that of a typical ISM plasma, we extrapolate
the small-scale dynamo efficiency to an e-folding time of τ = 1 Myr.
We conclude that even an initially very weak field strength of B =
10−20 G would be amplified up to dynamo saturation in a time span
of only 30 Myr. Thus, a newly born turbulent galaxy can be highly
efficient in amplifying its early seed fields, whether they be primordial
or generated during structure formation, extremely rapidly. This
mechanism would establish considerably strong fields since the early
stages of the Universe in turbulent galactic environments, which
would explain the high magnetic field strengths found by Bernet
et al. (2008) even at high redshift. The strong but sub-equipartition-
strength field can then be further transformed by other processes like
the α − Ω dynamo. Moreover, the magnetic field will follow and
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even influence the history of its host galaxy through decisive events
such as starbursts, mergers or more quiet phases. Therefore, magnetic
fields should not be neglected when dealing with problems of galaxy
evolution.
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4 Cosmological evolution
In the previous chapters, we have studied how weak magnetic fields
can be amplified by a small-scale dynamo in a turbulent dwarf galaxy
and how this dynamo saturates, all in an isolated setting without
cosmological effects. In this chapter, we will investigate how such
a turbulent dwarf galaxy can form and evolve from first density
fluctuations at very high redshifts up to a more recent past.1
In this regard, we present here a new cosmological high-resolution
zoom-in magnetohydrodynamic (MHD) simulation, using the adapt-
ive mesh refinement (AMR) technique, of a dwarf galaxy with an
initially weak and uniform magnetic seed field that is amplified by
a small-scale dynamo driven by supernova-induced turbulence. As
first structures form from the gravitational collapse of small dens-
ity fluctuations, the frozen-in magnetic field separates from the cos-
mic expansion and grows through compression. In a second step,
star formation sets in and establishes a strong galactic fountain, self-
regulated by supernova explosions. Inside the galaxy, the interstellar
medium becomes highly turbulent, dominated by strong supersonic
shocks, as demonstrated by the spectral analysis of the gas kinetic
energy. In this turbulent environment, the magnetic field is quickly
amplified via small-scale dynamo action and is finally advected into
the circumgalactic medium by a galactic wind.
This realistic cosmological simulation explains how initially weak
magnetic seed fields can be amplified quickly in early, feedback-do-
minated galaxies, and predicts, as a consequence of the small scale
dynamo process, that high-redshift magnetic fields are likely to be
dominated by their small scale components.
1The work presented in this chapter has been published in the Monthly Notices of
the Royal Astronomical Society under the title ‘A small-scale dynamo in feedback-
dominated galaxies - III. Cosmological simulations’ following peer-review (Rieder
and Teyssier, 2017b). It was also presented at the RAMSES User Meeting in Paris,
France on 6th October 2016.
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4.1 Introduction
Magnetic fields are ubiquitous in the Universe. They are found in
planets, stars, galaxies, the intergalactic space in between them and
may possibly permeate even spaces in the Universe. Their origin
might be primordial (Durrer and Neronov, 2013) or due to micro-
physical processes at later epochs, such as the Biermann battery (Bier-
mann, 1950) in shock fronts (Kulsrud et al., 1997) or ionization fronts
(Gnedin et al., 2000), spontaneous fluctuations (Schlickeiser, 2012) or
fluctuations due to the Weibel instability (Lazar et al., 2009) in the
plasma of protogalaxies, or even magnetic fields released into the ISM
by stars through stellar winds or supernova outbursts (Bisnovatyi-
Kogan et al., 1973) or even by AGN jets (Rees, 2005) and subsequently
diluted. Magnetic fields of the order of 10−20 G can be created by
microphysical mechanisms like the Biermann battery, but they might
also be remnants from primordial creation. Planck Collaboration et al.
(2016a) constrain the upper limit of the primordial magnetic field
(PMF) strength to 10−9 G, while Neronov and Vovk (2010), Dermer
et al. (2011), Vovk et al. (2012) set lower limits for the field strength
ranging from 10−18 G up to 10−15 G based on γ-ray observations of
blazar spectra. As far as galactic magnetic fields are concerned, obser-
vations from the Milky Way (Taylor et al., 2009), nearby galaxies (Beck,
2016) as well as high-redshift galaxies (Bernet et al., 2008) reveal that
they are strong, usually at equipartition with the turbulent energy
density. Robishaw et al. (2008) detected field strengths up to 18 mG in
starburst galaxies but ordered galactic magnetic fields in the ISM are
typically expected to be of the order of several µG. Kim et al. (2016)
found a correlation between magnetic field traces and strong Mg II
absorption, which indicates a link between strong outflows and a high
magnetisation.
In order to explain this growth over several orders of magnitude in
less than a Gyr, dynamo mechanisms are usually invoked which con-
vert kinetic energy from gas flows into magnetic energy. Large-scale
dynamos (LSD) are capable of amplifying magnetic fields coherently
on large spatial scales but do so in time frames that are too slow to be
viable. Contrariwise, small-scale dynamos (SSD) can function very
fast where typical amplification time scales are of the order of the
eddy turnover times of the smallest turbulent eddies (Brandenburg
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et al., 2012). There are ongoing efforts to study its effectiveness in
laser-driven laboratory experiments (Tzeferacos et al., 2017). On the
theoretical side, Kazantsev (1968) laid out the foundation of a small-
scale dynamo theory, for which Kulsrud and Anderson (1992) found
that the magnetic energy spectrum scales with the wavenumber as
k3/2 on scales larger than the resistive scale. SSD generally create
fluctuating fields without a large scale component and do not reach
equipartition with the other energies. This does not conform with
observations in nearby galaxies (Beck, 2015). It is likely that the mag-
netic fields we observe in galaxies are not the result of just one single
process, but probably a combination of various mechanisms.
Fully cosmological simulations with MHD solvers have been re-
ported since over a decade, first focusing on galaxy clusters, the
intergalactic and intracluster medium (Dolag et al., 2005, Dubois and
Teyssier, 2008), which have evolved into fruitful studies of its turbu-
lence and shocks (Miniati, 2014, Miniati and Beresnyak, 2015, Vazza
et al., 2017), in mostly subsonic turbulence but high Mach numbers in
the shock regions. Furthermore, zoom-in simulations of Milky Way-
like galaxies have been performed with the SPH code GADGET (Beck
et al., 2012), and with the moving-mesh code AREPO (Pakmor et al.,
2014). They found fast amplification of their initial magnetic field up
to a saturation level due to supersonic turbulence. The redshift at
which saturation was reached depended on the initial field strength
but the field strength at saturation did not. Most recently, Pakmor
et al. (2017) reported similar results based on Auriga simulations,
where small-scale dynamo amplification is observed in supersonic
turbulence, until dynamo saturation is reached at 10% of the turbulent
energy level. The seed field with 10−4 µG initial field strength was
chosen extremely high, in order to observe the saturation at a red-
shift of z = 2. All those experiments were using divergence cleaning
methods for the magnetic field which suffers from the problem of un-
physical magnetic field divergence. Constrained Transport techniques
previously only used in AMR codes, have been fitted for Lagrangian
codes such as Mocz et al. (2016), which could be used in favour of
divergence cleaning but have not seen widespread adoption yet.
With regard to realistic feedback mechanisms in cosmological MHD
simulations, a more accurate treatment of feedback with cosmic-
rays (CR) physics was developed by Pfrommer et al. (2017), who
114 COSMOLOGICAL EVOLUTION
included CR evolution equations in cosmological MHD simulations
with AREPO. This opens new interesting mechanisms of magnetic
field backreaction on the galaxy, such as a more strongly suppressed
star formation in small galaxies due to the additional effect of CR
pressure feedback.
Dwarf galaxies are the dominant galaxy population at high redshift,
possibly responsible for cosmic re-ionisation (Kimm and Cen, 2014).
They are also the progenitors of the Milky Way satellites, which are
useful laboratories to test our current galaxy formation paradigm.
In Chapter 3, we have studied how the turbulent environment in
dwarf galaxies with strong feedback-driven winds is able to drive an
SSD amplifying even weak magnetic fields very rapidly, and how the
resulting small-scale fields can be transformed large-scale fields once
feedback becomes weaker. In this chapter, our intention is to build
on that previous work and extend it to a more natural set-up with
cosmologically realistic initial conditions, in order to make another
step towards a better comprehension of the evolution of magnetic
fields in the Universe. In Section 4.2, we explain the numerical details
of our simulation, the results of which are presented in Section 4.3. We
discuss these results in Section 4.4 and conclude with a future outlook
in Section 4.5.
4.2 Method
We used the Adaptive Mesh Refinement (AMR) code RAMSES
(Teyssier, 2002) to follow the cosmological evolution of a dwarf galaxy
in a zoom-in simulation. This code simulates a self-gravitating mag-
netised plasma together with a collisionless fluid of dark matter and
stars and additional physical sub-resolution processes such as gas
cooling, star formation and supernova feedback. The ideal MHD
equations are solved using a second order unsplit Godunov scheme
(Teyssier et al., 2006) with a perfect gas equation of state. The gas is
coupled to collisionless dark matter and stellar matter particles by the
particle-mesh method. The solenoidal constraint
∇ ·B = 0. (4.1)
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is implicitly fulfilled by the Constrained Transport (CT) method pro-
posed to solve the induction equation by (Yee, 1966) and formulated
by Evans and Hawley (1988), thereby keeping the magnetic field diver-
gence free. For a more detailed description of the numerical scheme,
we refer the interested reader to Fromang et al. (2006).
Gas cooling is implemented using a standard H and He cool-
ing function, with an additional metal cooling component and fine-
structure cooling. Star particles are created as a random Poisson
process according to a Schmidt law as in Rasera and Teyssier (2006)
with an efficiency of ∗ = 1 %. The effect of supernovae is modeled
by releasing non-thermal energy into the ISM over a dissipation time
scale of 20 Myr (Teyssier et al., 2013) for ηSN = 10 % of the stars.
These physics parameters for cooling, star formation and supernova
efficiency have been selected and tested intensively in dwarf galaxy
simulations with successful dynamo action in Chapter 2 and Chapter 3
and were adopted here in a cosmological context.
We transcribed the system of equations into ‘supercomoving vari-
ables’ tracing the universe in the Friedmann-Lemaître-Robertson-
Walker metric as described by Martel and Shapiro (1998). We chose to
scale the supercomoving magnetic field with the scale factor a as
B˜ = a5/2
B
B∗
(4.2)
where B is the magnetic field in physical units and B∗ = ρ
1/2
∗ v∗ is a
fiducial scaling. Note that, although this definition is in contrast to
the commonly used convention of a2-scaling for B˜, both formulations
are equivalent, and the induction equation in these supercomoving
variables becomes
∂
∂t˜
B˜ = ∇˜ ×
(
v˜ × B˜
)
+
1
2a
da
dt˜
B˜ (4.3)
thereby introducing only one ‘antidrag’ term term to the induction
equation and conveniently leaving the other MHD equations un-
changed. We used the ‘Multi-Scale-Initial-Conditions’ tool developed
by Hahn and Abel (2011), together with the 2015 Planck cosmology
parameters (Planck Collaboration et al., 2016b) to generate our ini-
tial conditions. We ran a box with a comoving size of 7.5 Mpc from
116 COSMOLOGICAL EVOLUTION
 I J S X N Y ^
 _ "
 
 _ "
 
 _ "
 
 _ "
  
 
 R F L S J Y N H  U W J X X Z W J
  
 P U
 H
   
 -  H H
        
 G F W ^ J
Fi
gu
re
4.
1:
V
ol
um
e-
av
er
ag
ed
lin
e-
of
-s
ig
ht
pr
oj
ec
ti
on
s
of
ga
s
de
ns
it
y
(t
op
ro
w
)a
nd
m
ag
ne
ti
c
pr
es
su
re
(b
ot
to
m
ro
w
)
in
th
e
ce
nt
ra
l1
5
kp
c
ar
ou
nd
th
e
ga
la
xy
at
re
ds
hi
ft
s
z
=
7
,6
,5
,4
.5
(f
ro
m
le
ft
to
ri
gh
t)
.
T
he
w
hi
te
ci
rc
le
s
m
ar
k
th
e
vo
lu
m
e
in
si
de
th
e
vi
ri
al
ra
di
us
.
4.3 RESULTS 117
redshift z = 99 until z = 4.5, zooming on a high resolution region
around a dwarf-sized halo with M = 1.75 · 1010 M, selected from an
initial unigrid dark matter only simulation. The mass resolution for
dark matter particles in the zoomed region was M = 1.5 · 104 M and
M = 7.5 · 106 M in the coarse surrounding region, and we started
with an initial effective resolution of 10243 grid cells in the zoomed
region. Further refinement levels are unlocked successively as the
simulated universe expands and matter condeses, ensuring that the
physical resolution stays below 22.5 pc. While low-resolution cells
are refined when the mass contained within exceeds 8 times a typ-
ical mass scale M∗, we decided to be more vigorous on refining the
zoomed region by lowering that requirement for the finest resolution
cells since dynamo amplification is very reliant on resolving the tur-
bulent flow. The initial magnetic field was set to be uniform, aligned
with the z axis and a field strength of B0 = 10−20 G in physical units,
giving it a conservatively low starting value.
4.3 Results
Images of volume-averaged line-of-sight projections of gas density
and magnetic pressure are rendered in Figure 4.1 at various redshifts.
As the galaxy evolves through time it grows substantially from mass
inflows and mergers, reaching a virial radius of R200,c = 8.6 kpc at
redshift z = 4.5. With densities becoming large enough to trigger
star formation, feedback processes set in and drive turbulent winds
which give rise to dynamo field amplification. Indeed, we can see the
overall magnetic pressure rising with its filamentary structure typical
for dynamo processes inside the galaxy and carried outside into the
circumgalactic medium by winds.
The evolution of the total magnetic pressure inside the ‘zoomed’
region is plotted in Figure 4.2 together with the expected evolution of
B ∝ ρ2/3-scaling for field lines that are compressed or stretched as the
cosmic structure forms and plasma matter falls into dark matter halos.
The initial development is dominated by cosmic expansion where gas
density and magnetic field are both diluted as the universe expands
and, subsequently, density fluctuations collapse into structures. We
see this decrease until the first stars have formed and supernova explo-
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Figure 4.2: Average magnetic pressure in physical, non-comoving units
(black) inside the zoomed region as a function of time and redshift. The
yellow curve shows theB ∝ a−2 evolution for a trivially expanding universe
and the red curve the expected scaling when the magnetic field follows the
structure formation as B ∝ ρ2/3.
sions start to drive turbulent winds. This process sets off a continuous,
self-regulating feedback process where steady mass infall triggers star
formation and supernova winds push mass outwards. The resulting
dynamo starts to amplify the field exponentially throughout its host
galaxy’s evolution history with an e-folding time B ∝ exp (t/τ) of
τ = 65 Myr, essentially undisturbed by merger events.
This picture becomes clearer in Figure 4.3, where we plot mass-
weighted 2D log-log histograms of gas density and magnetic pressure.
Assuming isotropic collapse without any field amplification processes,
magnetic pressure is expected to stay on the PM ∝ ρ4/3 line tracking
the stretching or compression of the initial magnetic field when it
follows the structure formation. We can see that it starts to deviate
from this line towards higher magnetic pressures at high densities
where stars are forming and driving turbulent winds with their feed-
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Figure 4.3: Mass-weighted 2D histograms of magnetic pressure vs. gas
density at redshifts z = 15, 9, 5, 4.5. The dashed green line indicates the
magnetic pressure resulting from stretching or compression of the initial field
when it follows the structure formation as B ∝ ρ2/3.
back processes. This process continues to higher and higher magnetic
pressure which then also propagates to lower densities as magnetised
winds transport magnetic energy from the dense central regions out
to the circumgalactic medium.
In Figure 4.4, we plot the kinetic energy spectra at several redshifts.
The spectra have a clear power-law shape Ekin ∝ kα with a best
fit for α ranging between −2.04 and −2.13. This slope is close to
the theoretical value of −2 predicted for highly compressible, shock-
dominated Burgers turbulence. Analogously, the magnetic energy
spectra are also plotted for several redshifts in Figure 4.4. It develops
the typical bottlenecked power-law shape with Emag ∝ k3/2 on larger
scales as predicted by Kazantsev’s theory, and falling off below the
resistive scale. We plot in Figure 4.5 radial profiles of virial and
tangential velocity, turbulent and sound speed, gas density, magnetic
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pressure and metalicity up to the virial radius averaged in spherical
shells around the center at redshift z = 4.5. The turbulent speed is
considerably high compared to the rotational motion of the gas and
the sound speed, leading to a supersonic flow with a Mach number
M∼ 2. Both gas density and magnetic field strength fall off by two
orders of magnitude from their peak at the center to the virial radius
in a similar fashion. The metalicity in comparison is more uniformly
blown out by the galactic winds at a value of roughly 10 % solar
metalicity.
4.4 Discussion
We have performed magnetohydrodynamical simulations of a ‘zoom-
in’ dwarf galaxy in a cosmological context, with a weak magnetic
seed field to study its evolution through cosmic time. Starting from
an initially uniform universe with tiny density fluctuations and a
spatially constant magnetic field, we see early structure formation
where matter starts to fall into the potential wells of dark matter halos.
This phase is characterised by dilution of the magnetic field as the
universe expands and its scale factors increases. After redshift z ∼ 20,
this global effect is counter-balanced by the accelerated collapse of
gas into halo structures which also compresses magnetic field lines
locally and thereby begins to dominate over the cosmic expansion.
As the first stars form inside these structures, they set the stage for a
self-regulating mechanism of star formation and feedback-driven en-
ergy release. Galaxies form and this energy release gives rise to strong
winds stirring the interstellar medium to become highly turbulent and
supersonic with kinetic energy spectra indicating a shock-dominated
Burgers turbulence regime. This in turn then leads to small-scale
dynamo field amplification inside the galaxy and persistently rising
magnetic field strengths, with magnetic energy spectra in conform-
ance with Kazantsev dynamo theory. As magnetic pressure builds
up in the central regions of the galaxy, it is carried out into the cir-
cumgalactic medium by magnetised winds. Even though the central
galaxy is subject to several merger events throughout its cosmic evolu-
tion, these events do not alter the turbulent flow process substantially
and have no measurable effect on the dynamo mechanism.
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Figure 4.4: Kinetic and magnetic energy spectra in 5123 cubes centered on
the halo at various redshifts, sampled at the grid resolution.
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at redshift z = 4.5.
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These results are remarkable given the difficulty of capturing turbu-
lence in galaxy simulations, even more so for a cosmological zoom-in,
where the dynamic range of resolution from large scales down to the
smallest possible in order to resolve the tiniest turbulent eddies is
extraordinarily demanding in terms of computational efforts. The
small-scale dynamo amplification rate essentially depends on the vis-
cosity and magnetic diffusitivity of the medium, or the kinetic and
magnetic Reynolds numbers respectively. As discussed in Chapter 3,
those characteristics are dominated by numerical resolution in this
kind of simulation where any realistically attainable computational
resolution is far from the required length scales of a realistic astrophys-
ical plasma but can be extrapolated to ‘real-world’ values, predicting
full amplification from seed fields to saturation in just a few Myr.
Therefore, a scenario is plausible where even the very weak seed
fields given by theoretical constraints are rapidly amplified inside
galaxies by a small-scale dynamo process to considerable strength at
very high redshift just after the first stars have formed during very
turbulent phases of a galaxy’s history.
Our results confirm the findings of Pakmor et al. (2017), where a
small-scale dynamo was observed in Milky Way-like galaxies with
comparable turbulent kinetic energy and Kazantsev magnetic energy
spectra.
4.5 Conclusions
We have presented a cosmological simulation of a dwarf galaxy where
magnetic fields have been amplified from weak seed fields since
the early stages of the Universe in turbulent galactic environments,
and they could possibly reach considerable strength if not limited by
current computational capabilities. This work is an important step
towards a comprehensive probing of magnetic field evolution from
the early Universe after the Big Bang to the present time in a fully
cosmological framework. Given the ever increasing computing power
due to steady technological advance and improved software it will
become feasible to shed more light on the open questions regarding
the magnetic field evolution. Future simulations will have to over-
come the problem of attainable high resolution required to resolve
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the turbulence responsible for the dynamo mechanism and reduce
the numerical resistivity. To this effect it is also worth considering the
limits of the ideal MHD assumption, and how the varying ionisation
fraction influences plasma properties, possibly leading to magnetic
field diffusion and unsteady dynamo efficiency. Furthermore, there
remains uncertainty on the nature of seed fields as there are numerous
viable mechanisms in question. These matters stand to be solved by
future numerical investigation.
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5 Comparison to observations
In the previous chapters, we have studied magnetohydrodynamical
simulations of turbulent dwarf galaxies which host a magnetic-field
producing small-scale dynamo. In this chapter we shall investigate
how this simulated data would compare to observational data and
see if there is agreement.1
5.1 Faraday Rotation
To this effect, we have worked with Kwang Seong Kim during his time
as a doctoral student with Prof. Simon Lilly at ETH Zürich, whose
work involved analysis of Faraday Rotation Measure (RM) data from
distant quasars whose polarisation carries imprints of magnetic fields
in the circumgalactic media (CGM) around intervening galaxies at
intermediate redshifts.
When polarised electromagnetic radiation passes through a mag-
netised medium, its plane of polarisation will be rotated. This effect
is called Faraday Rotation and depends linearly on the square of the
wavelength λ
∆χ = RM ∆λ2 (5.1)
where χ is the polarisation angle, and RM is the Rotation Measure
(Kim et al., 2016). In the case where all radiation in the received light
beam is subject to the same Faraday rotation, the latter will be equal
1The results presented in this chapter are the outcome of a collaboration with Kwang
Seong Kim as a doctoral student with Simon Lilly at ETH Zürich and have been
presented in his doctoral thesis (Kim, 2017) which he successfully defended recently.
The plot compilation and comparison to observations in this chapter were made
by him, for which I am very grateful. They are based on the simulation setup and
data extraction which was prepared and carried out by the author of this thesis.
All images in this chapter © 2017 Kwang Seong Kim. The following results will
be presented in a journal article in preparation with Kwang Seong Kim and Simon
Lilly (Kim et al., 2017).
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to the Faraday depth
φ(zs) = 8.1 · 105 rad/m2
∫ 0
zs
ne(z)B(z)
(1 + z)2
· dl
dz
dz (5.2)
which is integrated along the line of sight from the redshift of the
source zs to the observer, with ne being the number density of free
electrons in cm−3 and B‖ in G is the parallel magnetic field com-
ponent. If one can estimate the electron density, this will give the
accumulated B‖, however, it does not allow for conclusions where it
is located and opposing fields will cancel. Furthermore, any inhomo-
geneities across the telescope beam that are below its resolution will
taint χ and break the simple linear relation of Equation 5.1. Therefore,
it is more advantageous to consider the full polarisation structure by
taking the complex representation P(λ2) = P (λ2) exp
(
2iχ(λ2)
)
of it
and taking the Fourier transform
F(φ) =
1
pi
∫ ∞
−∞
P(λ2) exp
(
2iφλ2
)
dλ2 (5.3)
which is called the complex Faraday depth distribution, its absolute
value F (φ) the Faraday Spectrum, and its phase ψ(φ) is the effective
angle of polarisation of the source. In the simple case of one intervener
that is homogeneous across the plane of sight, F (φ) would have a
single peak. In any other case, the analys of the full complex FD
distribution permits us to ’see’ more of the structure behind it.
Using this Faraday Rotation Measure Synthesis technique, Kim
(2017) obtained Faraday Depth distributions and found correlation
with Mg II absorption, which is associated with superwinds from star-
bursting galaxies (Bond et al., 2001). He found quite strong random
magnetic fields of order 10µG in the CGM of galaxies at intermediate
redshifts. Another important finding is that regular fields are small
compared to the random fields in these intermediate redshift galaxies,
hinting at the presence of small-scale processes.
5.2 Simulated observations
One can wonder if the same techniques as in Section 5.1 can be ap-
plied to the imitated signal one would get if a simulated galaxy was
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Figure 5.1: Line of sight projections of Faraday Depth φ edge-on (left) and
face-on (right). The color scaling for φ is linear between -1 and 1, and
logarithmic beyond. Image: Kwang Seong Kim.
an intervener to a distant quasar. Therefore, we designed a simula-
tion setup of the isolated Milky Way galaxy with strong feedback as
described in Section 2.3.1, but with an initial magnetic field that could
reach dynamo saturation during the timeframe of the simulation like
we found in Section 3.4, and with strong radiation feedback with a
dust opacity parameter of κ = 20 cm/g.
After turbulence has driven dynamo amplification of the magnetic
field up to its saturation, we have a strong magnetic field that has
grown naturally from small-scale dynamo action and is blown out
into the CGM by galactic winds. We take a snapshot fiducially at
simulation time t = 3 Gyr, after saturation was attained and use it
to compute maps of the Faraday depth (Equation 5.2) as they would
be seen by a telescope if it had a resolution of 84 pc, the same as the
simulation grid, and assuming constant values of ne and B inside
each grid cell. These maps are shown in Figure 5.1 looking from
the side (edge-on view) and from the front (face-on view). Strong
outflows of magnetised material are clearly visible out to 30 kpc away
from the galaxy. The distribution is centered around φ = 0, without a
preferred direction.
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5.2.1 Through the telescope
This data was the basis for Kwang Seong Kim to compare to to his
collected observation data, whose work will be outlined in this section.
The telescopes used to collect data for Kim (2017) were VLA and
ATCA. VLA’s L-band angular resolution of 1.3 arcsec equates to 8.4
kpc for an object at redshift z = 0.5, so in order to mimic the data as
though they had been observed by a similar telescope, it had to be
smoothed on that scale, which corresponds to a smoothing scale of
100 pixels.
The smoothed Faraday Depth maps and their standard deviation
are plotted in Figure 5.2. For the outflow regions surrounding the
galaxies, it was found that the Faraday Depth distributions were bell-
shaped, and that the outflow is almost radially symmetric. Therefore,
we can compile radial profiles of φ and σ in Figure 5.3. The Faraday
Depth profile shows that just outside the galaxy, the maximum φ is
reached at 20 rad/m2, but dropping to 1 rad/m2 and below. This is
considerably lower than older observational results such as Bernet
et al. (2008), but the latest findings of Kim (2017) suggest that tose
RM measurements have almost always been overestimated when
compared to the Faraday Depth spectrum. This is explained by the
fact that the nature of random magnetic fields could not be seen in
those measurements, and it turned out that they are in fact stronger
than the regular fields.
The σ(φ) profiles in Figure 5.2 show that σ is roughly one order
of magnitude stronger than φ itself. In order to compare the values
of σ to observations, the the primary component in the observed
Faraday Depth spectrum is identified and a measure of its spread
σPC is computed. The range of σPC found in those observations is
marked as the red shaded area. One can see that our simulated galaxy
would lie within this range for beams passing by at a range between
b = 13 kpc and b = 30 kpc.
5.2.2 Ionised magnesium
Since in their observations, Kim (2017) also analyse Mg II absorption
data, it makes sense to compute Mg II abundances in our simulation
and compare the results. The number density of Mg II is computed as
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Figure 5.2: Faraday Depth maps from Figure 5.1 averaged (top) on circles of
8.4 kpc and their standard deviation (bottom). Images: Kwang Seong Kim.
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Figure 5.3: Radial profiles of Faraday Depth φ (left) averaged within annuli
of radius b and a thickness of 400 pc and the standard deviation σ (right).
The blue shades mark the 10th and 90th percentile and the red line marks
the distance at which the annuli do not cover the inner part of the galaxy.
The red shaded area is the range of σPC in the observations. Image: Kwang
Seong Kim.
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Figure 5.4: Line of sight projections of Mg II column density edge-on (left)
and face-on (right). Image: Kwang Seong Kim.
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nMgII = ngas · Z · fMg · fMgII (5.4)
where Z is the metalicity, fMg is the fraction of magnesium in metals
which we estimate to about 3%, and fMgII is the fraction of ionised
Mg II out of all magnesium atoms, which we compute from the gas
temperature following the relation given in Bryans et al. (2006). The
column density maps of nMgII are given in Figure 5.4 and were inter-
preted by Kim (2017).
It is found that the column density maps are very similar to the
Faraday Depth maps in Figure 5.1, linking random magnetic fields in
the CGM with Mg II outflows. Observational evidence of biconical
outflows that has been established (Bordoloi et al., 2011) could not be
confirmed in our simulation, which is not surprising as the feedback
model used was not intended to reproduce galactic winds realistically.
5.2.3 Velocity dispersion
Analogously to the Mg II column density maps, we also compute
maps of the velocity dispersion σ(v) in each pixel, so that it can be
compared to the rest-frame equivalent width W0 of the Mg II absorp-
tion lines. This quantity is assumed to be mainly due to Doppler
shift and therefore the relation gives us a measurement of the velocity
dispersion in the interveners via
W0 =
σ(v)λ
2
√
2cln(2)
(5.5)
where λ = 2796 Å is the rest-frame MgII absorption wavelength. A
2D histogram of the velocity dispersion in the simulation vs. the
Faraday depth dispersion is plotted in Figure 5.5. On top are plotted
observational results from Kim et al. (2016) where the velocity disper-
sion is inferred from the rest-frame equivalent width W0 of the Mg II
absorption lines, and plotted vs. the primary component spread σPC.
The data does not show any clear correlation between the velocity
dispersion and the standard deviation of Faraday Depth. The velocity
dispersions measured in the simulation seem to be higher than the
most of the observed W0. Since the equivalent width that would be
observed from a heterogeneous of velocity dispersion would be more
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Figure 5.5: 2D histogram (counting pixels) of velocity dispersion σ(v) in
simulation data (bottom) / rest-frame equivalent width of Mg II absorption
of observations (top) and spread of Faraday Depth σ(φ), considering only
Mg II column densities NMgII > 1015 cm−2. Sources with unresolved
Faraday Depth are marked by triangles. Image: Kwang Seong Kim.
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complicated than the simple relation in Equation 5.5, it is not clear
where the simulation would lie on the plot were it a single data point
like the observations. Furthermore, there is only one simulation to
compare, so that even if there was a discrepancy it could be a simple
outlier.
5.3 Conclusions
We have investigated how the magnetic fields produced in a simu-
lated galaxy by a small-scale dynamo compares to observations and
how the dynamo-amplified magnetic fields would shape the polarisa-
tion signal of a light beam passing through its circumgalactic medium
if it were observed through a telescope such as the VLA. We find
that there is very good compatibility with Faraday Spectra and velo-
city dispersions observed from interveners at intermediate redshifts.
This is especiallly remarkable considering that the simulations were
designed independently from the observational work. Furthermore,
recent interesting results of our collaborator Kwang Seong Kim show
that regular magnetic fields in these distant interveners had previ-
ously been overestimated.
In summary, there is strong evidence of galaxies at intermediate
redshift with strong outflows and turbulent magnetic fields, which
suggests that these galaxies could indeed host small-scale dynamos.
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6 Summary
There is a theory which states that if ever anyone discovers exactly
what the Universe is for and why it is here, it will instantly disappear
and be replaced by something even more bizarre and inexplicable.
There is another theory which states that this has already happened.
The Hitchhiker’s Guide to the Galaxy (Douglas Adams)
This thesis addresses the question of the origin and evolution of
magnetic fields in galaxies. With a special focus on small-scale dy-
namo field amplification, we investigate how weak magnetic fields
may have grown in turbulent dwarf galaxies to almost equipartition
with the turbulent energy level. These fields could then have attained
equipartition and large-scale structure at a later stage either through
other dynamo processes or through reshaping by mergers, reconnec-
tion and shearing in more quiescent phases. We find that when a
galaxy becomes less turbulent after the dynamo has saturated, turbu-
lence decreases over a timescale of roughly 1 Gyr to a level where the
turbulent pressure becomes comparable to the magnetic energy dens-
ity. In the context of galaxy evolution theory, this supports a paradigm
where magnetic fields were amplified quickly in highly active and
turbulent dwarf galaxies that eventually settled down and became
more quiescent, with comparable levels of magnetic and turbulent
energy densities.
We also investigate how our data compares to observations and how
the dynamo-amplified magnetic fields would shape the polarisation
signal of a light beam passing through its circumgalactic medium if it
were observed through a telescope. We find that there is remarkable
compatibility with Faraday Spectra and velocity dispersions observed
from interveners at intermediate redshifts, considering that the simula-
tions were carried out independently from the observational work. In
summary, there is strong evidence of galaxies at intermediate redshift
with strong outflows and turbulent magnetic fields, which suggests
that these galaxies could indeed host small-scale dynamos.
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Building upon these findings, further investigation could open
interesting new insights into the case of dynamo amplification in
galaxies. For one, turbulence is very important for fast dynamos to
operate, but it also requires very powerful supercomputers to be able
to attain very high numerical resolutions. The steadily progressing
technological improvement, along with new software that scales well
on massively parallel systems will certainly allow us to advance the
possibilities even further.
The small-scale dynamo growth rates that we observed are very
fast, but they scale inversely with the numerical viscosity νN and
numerical diffusion ηN which, at our current resolutions, are still very
high compared to their physical counterparts in the interstellar media.
Bringing them down towards more realistic values, also with respect
to the magnetic Prandtl number PrM = νN/ηN, which is the ratio of the
two, might bring more insight into the subtleties of turbulent dynamo
operation. Furthermore, the understanding of how different feedback
mechanisms such as cosmic ray or radiation feedback influence the
galaxy evolution with respect to magnetic fields, can be still improved.
On the large end of the scale, we have the cosmological simula-
tions, which cannot be disregarded if one is interested in obtaining a
consistent picture of magnetic field evolution ’from the beginning to
the end’. Simulating a Megaparsec-scaled fully cosmological MHD
system at parsec resolution may seem daunting, but might prove very
fruitful in understanding galaxy evolution as a whole. Adding to
this, the validity of the ideal MHD is certainly debatable, considering
that those parameters will neither be constant in space nor im time
and will co-evolve with other criteria such as the ionisation fraction
of the plasma. There remain many open questions, such as: What
is the nature of seed fields? How fast does the turbulent dynamo
saturate? How is this related to its host galaxy’s evolution? How
does the magnetic field evolve after saturation? What role does its
back reaction play? If the magnetic fields are amplified as fast as our
results suggest, then they can be dynamically important early on in
the history of a galaxy and might change our idea of galaxy evolution
considerably. To that extent, there is also considerable potential in
combining the insights of magnetohydrodynamic galaxy simulations
with other advancements in the field of numerical astrophysics, such
as radiation or more realistic feedback.
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Finally, with new promising telescopes, notably the Square Kilo-
metre Array (SKA), there will also be major improvements in polarisa-
tion measurements. These are of great importance in order to obtain
better resolved and more robust results of galactic magnetic fields.
They will certainly provide us with more answers and perhaps even
new questions as well, that will then have to be addressed in the
future.
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